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Thesis abstract
Shy (Thalassarche cauta) and white-capped (T. steadi) albatrosses are categorised as 
vulnerable according to the International Union for the Conservation of Nature 
criteria and are incidentally killed during their interactions with fisheries. I used 
genetic tools to allow the first reliable separation of shy and white-capped 
albatrosses, and to describe their evolutionary histories, their conservation and 
population genetics, their unusual patterns of mitochondrial DNA evolution, the 
spatial distribution of fisheries bycatch mortality, and the mating system of shy 
albatrosses. This is the first in-depth study to investigate these species concurrently, 
and thereby provides extensive species-specific information that was previously 
unavailable for these taxa.
The first part of this thesis begins with an investigation of the evolutionary 
relationship between shy and white-capped albatrosses using mitochondrial DNA 
control region sequences (Chapter I). Phylogenetic analyses showed strong 
separation of a clade containing shy and white-capped albatrosses from a clade 
containing their closest relatives (T. eremita and T. salvini), but did not decipher 
species-level relationships. However, phylogeographic techniques confirmed the 
demographic isolation of shy from white-capped albatrosses, and suggested that shy 
albatrosses arose through range expansion by white-capped albatrosses. In Chapter 
II, I built on the results obtained in Chapter I by using polymorphic microsatellite 
DNA markers. I detected high levels of genetic structuring and many unshared 
alleles between the species, which provided strong evidence against any 
contemporary gc-ne flow between them. Within each species, the three island 
populations of shy albatrosses were found to be genetically distinct, whereas the 
three island populations of white-capped albatrosses were undifferentiated. I 
recommend that the three white-capped albatross populations (as a whole) and each
shy albatross population be treated as separate units for conservation. All measures 
indicated lower genetic diversity within shy albatrosses than within white-capped 
albatrosses and support the hypothesis that shy albatrosses were derived from white- 
capped albatrosses.
In Chapter III, I used genetic data to assess the relative impact of fisheries bycatch 
mortality on shy and white-capped albatrosses, which had previously been precluded 
by difficulties identifying bycatch carcasses to species level. I describe a simple test 
based on a single nucleotide polymorphism in mtDNA of shy and white-capped 
albatrosses to determine the species composition of fisheries bycatch carcasses 
recovered from Australian, New Zealand, and South African waters. The accuracy 
of this test was found to he 98%, as evaluated using a more rigorous microsatellite- 
based method of provenance assignment, which was also used to determine the 
population of origin of bycatch shy albatrosses. Results indicated that bycatch 
mortality co-occurred between the two species in Tasmanian waters only; in all other 
zones the by catch was exclusively comprised of white-capped albatrosses.
Genotypic provenance assignment testing correctly assigned 72% of shy albatrosses 
to their population of origin. This study is the first to provide insight into the relative 
vulnerability of shy and white-capped albatrosses to bycatch mortality across a broad 
spatial scale, and to establish the vast differences in their at-sea distributions.
In Chapter IV, I investigated the mating system of shy albatrosses. Data on the 
reproductive behaviour of procellariiform seabirds are notably lacking, and where 
available are inconsistent with genetic paternity data. Hence I combined genetic 
paternity analysis with behavioural observations during the pre-laying period to 
describe the copulatory behaviour of this species and to identify how males achieve 
within-pair and extra-pair paternity. I discovered that the vast majority of 
copulations occurred on the nest, were unforced, and were within-pair; and that
females controlled the success of copulations. Extra-pair paternity was detected at a 
low frequency (7-10%), despite male use of frequent copulation as a paternity guard.
In Chapter V, I characterized a novel mitochondrial DNA duplication near and 
including the control region in five Thalassarche albatrosses. Although it was 
initially thought that selection for small genome size in mtDNA would result in 
duplicated segments having a relatively short lifespan, recent studies have revealed 
ostensibly functional duplicate copies of the control region that have persisted 
through speciation events. Indeed, I found that the duplicate control regions aligned 
easily, were not identical in sequence or in length, and did not contain evidence of 
degeneration. Phylogenetic analyses indicated that the two control region copies 
were evolving largely in concert, however a short section within them was clearly 
evolving independently. To my knowledge this is the first time contrasting 
evolutionary patterns have been reported for duplicate control regions. Other 
evidence suggested that this duplication is present in all procellariform seabirds, and 
hence needs to be considered in the development of phytogenies based on 
mitochondrial sequences for these taxa.
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Introduction
General Introduction 2
Albatrosses spend most of their lives foraging over large tracts of ocean, favouring 
the rough and bountiful seas in high latitudes of the southern ocean that early sailors 
dubbed the ‘Roaring Forties, Furious Fifties, and Shrieking Sixties’. After fledging 
from their natal island juveniles spend years at sea before returning to land to find a 
mate and breed. Reproductive rates are low; albatrosses take up to 12 years to reach 
breeding age (Croxall et al. 1990; Weimerskirch et al. 1987) and then produce a 
single chick every one or two years (Gales 1998). Mean annual adult survival rates 
are naturally very high, in the order of 95% (Croxall et al. 1990; Weimerskirch et al 
1987). They are amongst the longest living of birds: the oldest known albatross was 
over 60 years old when it ceased returning to its nest (Robertson 1993).
One of the better-known behavioural characteristics of albatrosses is their tendency 
to be highly philopatric, which has been confirmed in several species by 
demographic studies (e.g. Prince et al. 1994; Sagar et al. 1998; Weimerskirch et al. 
1985). This has become a defining feature of the family (Diomedeidae), to the extent 
that resulting predictions of restricted gene flow among breeding locations have lead 
to a growing view that individual breeding islands host distinct terminal taxa 
(Robertson & Nunn 1998). Consistent with this, a recent taxonomic revision of 
albatrosses, based in part on cytochrome-6 data (Nunn et al. 1996), recommended 
that the number of albatross genera be increased from two to four, and recognised 
species from 14 to 24 (Robertson & Nunn 1998). The changes to generic boundaries 
have not been overly contentious, however assignment of species status to many 
populations remains highly debated, and has prompted fine-scale molecular studies 
to resolve evolutionary relationships between similar species. This thesis contributes 
to that debate.
Burg & Croxall (2001) v.ere the first to publish detailed species specific genetic 
analyses of albatrosses following the introduction of the new taxonomy (Robertson 
& Nunn 1998). They used mitcohondrial control region sequences and microsatellite 
DNA markers to investigate the genetic relationships within the black-browed
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albatross complex (Thalassarche melanophris and T. impavida) and within grey­
headed albatrosses (T. chrysostoma; Burg & Croxall 2001). They followed this with 
a similar study on the wandering albatross complex (Diomedea antipodensis, D. 
exulans, D. gibsoni, and D. dabbenena; Burg & Croxall 2004). These studies 
provided novel and clarifying information about the taxonomy and phylogeography 
of these groups, and were the first to investigate population level structuring within 
single species. Among their taxonomic results were the discovery of a potentially 
cryptic species within T. melanophris, support for recognition of T. impavida as a 
distinct species, and support for species recognition of three of the four wandering 
albatross taxa, with the recommendation that D. antipodensis and D. gibsoni be 
reclassified as a single species (Burg & Croxall 2001, 2004). At the within-species 
level, Burg & Croxall (2001, 2004) found widely distributed global populations of 
both grey-headed albatross and the D. exulans type of wandering albatross to be 
undifferentiated and described them as globally panmictic. Similarly, a group of 
three geographically distant T. melanophris black-browed albatross populations were 
undifferentiated (Burg & Croxall 2001). These results not only shed light on 
albatross taxonomy, but they also contribute to a small but growing body of recently 
emerging evidence that dispersal among albatross populations can be 
demographically and genetically significant. More recently, Inchausti & 
Weimerskirch (2002) found that juvenile dispersal among D. exulans wandering 
albatross populations was sufficient to cause metapopulation structure throughout 
their range.
Arriving at a consensus on appropriate taxonomic boundaries in albatrosses and 
improving our understanding of within-species population dynamics is not only of 
academic value, but is particularly relevant to ongoing conservation concerns. An 
intimidating 83% of albatross species are categorised as Threatened under the 
International Union the Conservation of Nature (IUCN) criteria, which is the highest 
proportion of threatened species in any multi-species bird family (Croxall & Gales
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1998). Concern for the future of albatross species centres around fisheries-related 
albatross mortality, which is occurring on a global scale and is thought to affect a 
large proportion of species (Croxall et al. 1998; Gales 1998; Inchausti & 
Weimerskirch 2001; Nel et al. 2002; Prince et al. 1998; Prince et al. 1994; 
Weimerskirch et al. 1997).
Pelagic and demersal oceanic longline fishing are both known to kill significant 
numbers of albatrosses (Gales 1998). This is most commonly caused when birds 
ingest baited hooks and drown as they are dragged under the water by the sinking 
line. Despite having received considerably less attention than longlining bycatch, 
significant albatross mortality also results from interactions with trawl fisheries 
(Bartle 1991, Robertson et al. 2003). Deaths tend to occur when birds collide with 
trawl warps or other cables, or become entangled in the net itself (Baker et al. 2002). 
While albatrosses have historically encountered a myriad of anthropogenic threats 
including introduced predators, habitat degradation, pollutants, and direct human 
depredation (Croxall 1998), the current threat imposed by fisheries-related mortality 
is potentially the most serious (Gales 1998).
Conservation efforts are typically aimed at the species level (Haig 1998), therefore 
an inexact taxonomy for albatrosses could lead to misguided conservation priorities. 
Further, even with a well-established taxonomy, taxonomic designations in 
themselves may not sufficiently reflect levels of genetic diversity within single 
species from a conservation standpoint. To guard against significant loss of genetic 
diversity, which corresponds to a loss in evolutionary potential, conservation 
priorities may need to consider individual populations or sets of populations 
separately (Moritz 1994). This philosophy has lead to the emergence of the concept 
of evolutionarily significar. units (ESUs; reviewed in Fraser & Bernatchez 2001), 
which are designed to guide conservation priorities below taxonomic levels. ESUs 
have been identified within many species of conservation relevance (e.g. Alpers et al. 
2004; Hammond et al. 2001; Moscarella et al. 2003; Solorzano et al. 2004; Stefanni
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& Thorley 2003; Waits et al. 2000; Zink et al. 2002), including black-browed and 
wandering albatrosses (Burg & Croxall 2001, 2004).
One of the most contentious recommendations made by the new albatross taxonomy 
involves two taxa, which are the main focus of this thesis. Each of four subspecies 
of the polytypic shy albatross (Diomedea cauta) was upgraded to separate species, 
named shy (Thalassarche cauta), white-capped (T. steadi), Salvin’s (7! salvini), and 
Chatham (T. eremita) albatrosses (Robertson & Nunn 1998). The separation of shy 
and white-capped albatrosses has been hotly debated, as there is no substantial 
evidence for any genetic or morphological differences between them. Further, the 
validity of criteria used to justify the split have been questioned (Holdaway et al. 
2001; Tennyson 2002), resulting in some recent publications recognising them as 
separate species (Garnett & Crowley 2000; Shirihai 2002) and others regarding them 
as a single species (Brooke 2004; Tickell 2000). While investigating the 
appropriateness of this classification is one of the aims of this thesis, for ease of 
discussion I use the names ‘shy albatross’ and ‘white-capped albatross’ and refer to 
them as species. I also use the term ‘shy-type’ albatrosses to refer to them 
collectively.
Shy albatross breeding populations are found on three islands near Tasmania, 
Australia, which are roughly 1800 km from the three main breeding sites of white- 
capped albatrosses within the Auckland Islands group in New Zealand’s subantarctic. 
The global number of breeding pairs is estimated at 12000 for shy albatrosses and 
75000 for white-capped albatrosses (Gales 1998). Shy and white-capped albatrosses 
are both categorised as Vulnerable under IUCN guidelines (Croxall & Gales 1998) 
and are thought to be suffering severe fisheries-related mortality across a wide 
geographic range. Estimates of longline fishing bycatch from tuna fisheries in 
Australian waters in 1992 indicate that shy-type albatrosses were caught in the 
greatest numbers, comprising 49% of the total albatross catch (Klaer & Polacheck
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1997). Similarly, the abundance of shy-type albatrosses killed by tuna longliners in 
South African waters from 1998-2000 was higher than that of any other albatross 
species (Ryan et al. 2002). In New Zealand, more shy-type albatrosses were killed 
by interactions with the squid trawl fishery between 1996 and 2001 than any other 
seabird (Robertson et al. 2003).
Due to the inherent difficulties associated with observing animals that spend most of 
their lives at sea and breed on remote oceanic islands, genetic methods present one of 
the most logistically feasible means of studying them. Indeed many conservation 
efforts have used genetics to learn more about species that are difficult or impossible 
to track in the wild (e.g. Amos et al. 1993, Duran et al. 2004, Encalada et al. 1998, 
Nielsen et al. 1994, Page et al. 2004, Primmer et al 1999, Watts et al. 2004). My 
aim in this thesis is to apply currently available genetic tools to gain useful and 
interesting information about shy and white-capped albatrosses.
My thesis is organised into five chapters. Each chapter is designed to stand alone 
and includes a thorough introduction to the specific topic and a review of relevant 
literature, therefore I have kept this general introduction brief. All chapters are 
written in a style suitable for publication; some have already been published and 
others have been submitted. It begins with two chapters in which I develop 
molecular markers and investigate the genetic relationship between shy and white- 
capped albatrosses. The following two chapters apply these molecular tools; first to 
assign provenance to by catch birds, and second to examine parentage. The final 
chapter stems from an intriguing result I obtained while developing techniques to 
generate mitochondrial control region sequence data. A brief outline of my thesis is 
as follows.
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• In Chapter I, I clarify the evolutionary relationship between shy and white- 
capped albatrosses through a phylogenetic and phylogeographic study using 
the mitochondrial control region. I also investigate the population histories of 
both taxa and relate them to speciation processes.
• In Chapter II, I use microsatellite DNA markers to examine the partitioning 
of genetic diversity within and between shy and white-capped albatrosses on 
a finer scale than was possible using mitochondrial DNA. I assess whether 
natal philopatry has lead to population level genetic differentiation in these 
species and discuss how results impact on conservation priorities and possible 
ESU designations.
• In Chapter III, I develop a genetic method of distinguishing between shy and 
white-capped albatrosses, which overcomes our previous inability to identify 
shy-type bycatch carcasses to species level based on morphology. Next, I 
determine where and in what proportions these species are killed by fisheries- 
related activity in Australian, New Zealand, and South African waters.
• In Chapter IV, I use microsatellite DNA markers to determine whether shy 
albatrosses are always faithful to their social mates and, if not, what 
behavioural mechanisms lead to extra-pair young. This was prompted by 
results of Huyvaert et al. (2000) who discovered 25% extra-pair paternity in 
waved albatrosses, in contrast to previous evidence that colonial seabirds had 
low levels of extra-pair paternity. Behavioural data were not available to help 
interpret this surprising finding.
• In Chapter V, I investigate the source of an unexpected finding in Chapter I 
of apparent sequence heteroplasmy in the mitochondrial control region of shy 
and white-capped albatrosses and their closest relatives.
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Abstract
The evolutionary relationship between shy (Thalassarche cauta) and white-capped 
(T. steadi) albatrosses was examined using mitochondrial control region sequences. 
Results were interpreted in the context of a recent and contentious taxonomic 
revision that recommended full species status for shy and white-capped albatrosses. 
Low sequence divergence between shy and white-capped albatrosses (1.8%) and 
between their close relatives, Salvin’s and Chatham albatrosses (2.9%) was observed. 
Much higher sequence divergence was found between the shy/white-capped pair and 
the Salvin’ s/Chatham pair (7.0%). Phylogenetic analyses confirmed the separation 
of the shy/white-capped pair from the Salvin’s/Chatham pair but did not provide 
species-level resolution. Phylogeographic analyses, including a nested clade 
analysis, Fst estimates, and an analysis of molecular variance indicated unambiguous 
genetic structuring between shy and white-capped albatrosses, thus confirming the 
demographic isolation of the species, but showed little to no structuring within each 
species. The geographic distribution of mtDNA haplotypes and other evidence 
suggest that shy albatrosses arose through range expansion by white-capped 
albatrosses.
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Introduction
Attempts to define appropriate taxonomic boundaries in albatrosses (Family 
Diomedeidae) have traditionally been encumbered by a heavy reliance on incomplete 
specimen collections and a singular focus on morphology (Robertson & Nunn 1998). 
In 1998, Robertson and Nunn (1998) suggested a revised taxonomy for albatrosses 
based on morphology and cytochrome b sequence data presented by Nunn et al. 
(1996). It was recommended that the number of albatross genera be increased from 
two to four, and recognised species from 14 to 24 (Robertson & Nunn 1998). The 
generic changes have not been overly contentious, however a number of species 
status designations have remained highly debated, and have prompted molecular 
studies targeting the more quickly evolving mtDNA control region to resolve fine 
scale relationships between similar species (e.g. Burg & Croxall 2001).
The new taxonomic recommendations have been accepted as an ‘interim taxonomy’ 
and as the basis for further research (Alexander et al. 1997). Among the 
recommendations is the suggestion that four subspecies of the polytypic shy albatross 
(Diomedea cauta) be split into four species, named shy (Thalassarche cauta), white- 
capped (T. steadi), Salvin’s (Tsalvini), and Chatham (T. eremita) albatrosses. The 
designation of shy and white-capped albatrosses as unique species has been hotly 
contended, as there is no substantial evidence for any genetic or morphological 
differences between them. Further, the validity of criteria used to justify the split 
have been questioned (Tennyson 2002; Holdaway et al. 2001), resulting in some 
recent publications recognising them as separate species (e.g. Garnett & Crowley 
2000; Shirihai 2002) and others regarding them as a single species (e.g. Tickell 
2000). I refer to them jointly as ‘shy-type’ albatrosses in this paper.
Conservation issues make an accurate understanding of the evolutionary relationship 
between shy and white-capped albatrosses especially important. Mortality associated
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with longline fisheries is considered the biggest threat to the world’s albatross 
populations (Croxall 1998). Like the vast majority (83%) of albatross species, shy 
and white-capped albatrosses are categorised as Threatened under the IUCN Red List 
criteria (Croxall & Gales 1998). Shy-types are reported to be suffering by-catch 
mortality on longline fishing hooks in Australian (Brothers 1991), New Zealand 
(Murray et al. 1993), and South African (Ryan et al. 2002) waters, however our 
inability to separate them makes it impossible to assess the impact of bycatch 
mortality on either one.
The aims of this study are to (1) explore the phylogenetic relationships among the 
four species formerly known together as Diomedea cauta; (2) determine the 
phylogeographic distribution of shy and white-capped albatross haplotypes; and (3) 
investigate the population histories of shy and white-capped albatrosses and the 
evolutionary relationship between them. I use the mitochondrial control region 
which is often used for intraspecies or closely-related species comparisons of avian 
taxa because it evolves more quickly and therefore can be more informative than 
cytochrome b (e.g. Avise et al 2000; Burg & Croxall 2001; Crochet et al. 2000; 
Milot et al. 2000; Wennerberg 2001). Tree-building methods of phylogeny 
reconstruction, Fst estimates, analysis of molecular variance, and network methods 
including a nested clade analysis are used.
Methods
Nomenclature
In accordance with the most recent taxonomic hypothesis available for albatrosses, 
and for ease of discussion in this paper, I have adopted the species nomenclature 
suggested by Robertson & Nunn (1998). I use the names ‘shy albatross’ and ‘white-
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capped albatross’ and refer to them as species, although my aim is to investigate the 
appropriateness of this classification. The term ‘shy-type’ is used to refer to them 
collectively.
Study species and sample collection
Shy and white-capped albatrosses breed in separate geographic regions at slightly 
different times of year [shy albatrosses begin laying around the start of September 
whereas white-capped albatrosses begin laying in mid-November (Gales 1998)]. Shy 
albatrosses breed exclusively on three islands near Tasmania, Australia, which is 
roughly 4800 km from the main breeding sites of white-capped albatrosses in the 
Auckland Islands group in New Zealand’s subantarctic (Figure 1). A small 
population of 50-100 pairs of white-capped albatrosses breed at Bollons Island in the 
Antipodes Islands.
I obtained DNA by taking blood from nestlings at breeding colonies. The population 
sizes and relative locations of breeding sites, with the number of nestlings sampled 
indicated in parentheses, are as follows. Shy albatross at Mewstone (n = 20) and 
Pedra Branca (n = 20) are separated by about 50 km and have c. 7000 and c. 250 
breeding pairs respectively (Brothers et al 1998). Approximately 420 km away is a 
shy albatross population on Albatross Island (n = 20) with c. 5000 breeding pairs 
(Brothers et al. 1998). The three white-capped albatross breeding sites in the 
Auckland Islands are located within approximately 30 km of each other (population 
sizes taken from Gales 1998): c. 72000 pairs on Disappointment Island (n = 20); c. 
3000 pairs at Southwest Cape, Auckland Island (n = 19); and c. 100 pairs at Logan 
Point, Adams Island {n = 20). Samples from the small population of white-capped 
albatrosses at Bollons Island were not obtained. Both species lay only one egg per 
year, hence sampling siblings was not a concern, though I also purposely sampled 
chicks that were distributed as evenly throughout the colony as possible to reduce the
shy albatrosses /  _ , Point/ white-capped
/
albatrosses
Figure 1. Locations of sampled breeding sites for shy and white-capped albatrosses. 
Sample sizes per population are as follows: Albatross Island (n = 20), Mewstone (n = 
20), Pedra Branca (n = 20), Disappointment Island (n = 20), Southwest Cape (n =
19), and Logan Point (n = 20).
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probability of sampling related individuals at adjacent nests. A minimum of five 
nests separated the nests of sampled chicks, except at Logan Point where small 
population size demanded more intensive sampling.
Tissue samples from three Salvin’s albatrosses, three Chatham albatrosses, and two 
Buller’s albatrosses (Thalassarche bullert) were obtained from specimens from the 
New Zealand Conservation Services Levy Program and provided to us by the New 
Zealand Department of Conservation and CJR Robertson. Both blood and tissue 
samples were stored in 70% ethanol.
DNA extraction and sequencing
DNA was extracted using ammonium acetate as described in Nicholls et al. (2000). 
As there were no control region primers published for albatrosses at the time, I 
obtained sequence from cytochrome b and 12S genes for shy albatrosses using 
universal primers (Kocher et al. 1989; Simon et al. 1994). Within these regions I 
designed specific primers (forward primer cbFl: 5’- 
ATGAATCGGCAGCCAACCAGTAG-3’ and reverse primer 12sRl: 5’- 
TAAGCGTTTGTGCTCGTAGTTCTC-3’) that amplified a 3000 bp fragment of 
mtDNA containing the control region. I obtained complete sequence for this region 
by repeatedly sequencing, designing internal primers, and sequencing again until I 
had ‘walked-through’ the entire fragment.
The initial ‘long-range’ PCR using cbFl and 12sRl was done using the Expand High 
Fidelity PCR System (Boehringer Mannheim). Each reaction contained 100-200 ng 
of genomic DNA, 200 pM dNTP, 10 pmol of each primer, and 2.6 U of Expand High 
Fidelity enzyme mix in lx reaction buffer in a 50 pi reaction volume. The cycling 
parameters were: 94 °C for 2 min; 30 cycles of 5 s at 94 °C, 30 s at 65 °C, 2.5 min 
at 72 °C and one final cycle for 7 min at 72 °C. Following amplification PCR
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products were run in a 2% agarose gel, and then purified using the Bresaclean DNA 
Purification Kit (Bresatec). I sequenced 2-5 pi of purified PCR product using 
Applied Biosystems BigDye sequencing system and 1.6 pmol of primer in a 10 pi 
reaction volume. Products were then run on an ABI Prism 377 automated sequencer. 
Internal sequencing using nested primers followed the same protocol.
Domain I was the only readily amplifiable, variable segment of the control region: 
long repeats in Domain III made sequencing and subsequent alignment problematic. 
Similar complex repeats have been reported in mtDNA of other albatross (Burg 
2000) and seabird (Berg et al. 1995) species. Domain II was highly conserved 
between shy-types and therefore uninformative at the level I was targeting. Forward 
primer GluF6 (5’-AGGATTAGACGCAACTGCCAGC-3’) and reverse primer 
GluR6 (5’-GACGCCCCAAAAAAAAAAGG-3’) were designed for specific 
amplification of 600 bp containing all of Domain I and flanking regions using the 
same PCR reaction conditions and cycling parameters stated above except that an 
annealing temperature of 55 °C was used. PCR products were gel purified using 
Concert Rapid Gel Extraction System (Life Technologies). Approximately 340 bp of 
sequence were obtained using an internal primer GluR7 (5*- 
CGGGTTGCTGATTTCTCG-3’) because it yielded superior sequence quality 
compared to GluR6.
Initial amplifications yielded ambiguous sequence due to the consistent occurrence 
of double peaks at some sites. To investigate the source of the ambiguity, PCR 
products were cloned into pGEM-5Zf(+) according to the protocol supplied by the 
manufacturer (Promega), and transformed using heat shock into JM109 Competent 
Cells (Promega). Several clones were sequenced for one individual of each species. 
Two unique sequences were identified within single individuals for all species. New 
forward primers were designed that specifically amplified each copy with GluR7. 
SPECF1 (5 ’ -C AGCTT AT GT AT A A AT GCG-3 ’) amplified a copy referred to as FI,
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and SPECF2 (5 ’ - A AC AGCCT AT GT GTT GAT GT-3 ’) amplified a copy referred to 
as F2. All FI copies were found to contain a recombination signal on analysis using 
the reverse successive weighting method of Trueman (1998). Mitochondria are not 
known to recombine, hence FI copies were thought to be nuclear pseudogenes, 
which are commonly reported in birds (Allende et dl. 2001; Kidd & Friesen 1998; 
Ruokonen et al. 2000; Sorenson & Fleischer 1996). Several recombinant 
mitochondrial pseudogenes have been reported in Conirostrum species by Nielsen 
and Arctander (2001). As there was no evidence of recombination in any of the F2 
copies, they were presumed to be of mitochondrial origin and targeted in this study.
Molecular data set
My molecular data set comprised a 299 bp fragment of Domain I of the 
mitochondrial control region for each of 30 shy, 29 white-capped, three Salvin’s, 
three Chatham, and two Buller’s albatrosses. Sample sizes used in the analyses 
varied with the nature of the technique, as described in relevant sections below. 
Sequence quality and base-calling accuracy were evaluated by viewing 
chromatograms using Sequencher 3.0 (Gene Codes Corporation). All sequences 
aligned easily using ClustalX version 1.8 (Thompson et al. 1994).
SNP Test
Initial control region sequencing of 59 birds revealed one substitutional change that 
consistently separated shy and white-capped albatrosses (see Figure 2). A simple 
single nucleotide polymorphism (SNP) test was developed using this site following 
the approach outlined in Fitzsimmons et al. (1997) as a time- and cost-effective 
means of screening a larger sample size to test the consistency of this pattern. Ten 
more birds from each of the six main shy-type breeding islands, all of which were 
blood-sampled as chicks at the nest, were screened.
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Figure 2. Variable sites in the mitochondrial control region (Domain I) of all shy (c), white- 
capped (s), Salvin’s (Sal), Chatham (Ere), and Buller’s albatrosses (Bui) sequenced in this study. 
The fixed difference between shy and white-capped albatrosses is highlighted. Haplotypes 
shared by multiple individuals have the sample size in parentheses. Most haplotype codes for shy 
and white-capped albatrosses include a capitalised letter depicting sampling location as follows:
S = Southwest Cape, L = Logan Point, D = Disappointment Island, A = Albatross Island, M = 
Mewstone, and P = Pedra Branca. Haplotype si was found in individuals from Disappointment 
Island (n = 4) and Logan Point (n = 1). Haplotype c5 was found in individuals from Pedra 
Branca (n = 5), Mewstone (n = 3), and Albatross Island (n = 3). Sequence identity to si is 
indicated by a V.
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PCR amplifications for the SNP test generated a 183 bp fragment using the 
mismatched forward primer (TEST F4t 5’-
C ACTT A A ACGG ATT A AACCC AT G A YT-3 ’) and GluR7. Reactions consisted of 
50 ng of genomic DNA, 200 pM dNTP, 3.2 mM MgCE, 2 pmol of each primer, 0.5 
U of AmpliTaq DNA Polymerase (Applied Biosystems) in lx  reaction buffer in a 10 
pi reaction volume. PCR cycles were 2 min at 94 °C; a ‘touchdown’ of 25 s at 94 
°C, 25 s at 65 °C to 55 °C (dropping 5 °C per 2 cycles), 25 s at 72 °C; 30 cycles of 
25 s at 94 °C, 25 s at 50 °C, 25 s at 72 °C and one final cycle of 3 min at 72 °C. 
PCR products were digested with 3 U of Hinfl (Pharmacia Biotech) at 37 °C for at 
least one hour in a 15 pi reaction volume. Digestion products were run in a 3% 
agarose gel to resolve the 26 bp difference between cut products produced by shy 
albatross samples and uncut products produced by white-capped albatross samples.
Analysis
Phylogenetic analyses were performed using sequence data from 12 shy, 12 white- 
capped, three Salvin’s, three Chatham, and two Buller’s albatrosses (as outgroup). 
Trees were constructed in PAUP*4.0bl0 (Swofford 2002) using both unweighted 
cladistic parsimony and Maximum Likelihood (ML) methods. Evolutionary process 
models for the ML analyses were optimised in Modeltest 3.06 (Posada & Crandall 
1998). The robustness of the tree estimates was assessed by bootstrapping 
(Felsenstein 1985) as implemented in PAUP.
Phylogeographic analyses used sequence data from ten shy albatrosses from each of 
the three breeding islands, ten white-capped albatrosses from Disappointment Island 
and Adams Island, and nine white-capped albatrosses from Auckland Island. 
Arlequin Version 2.001 (Schneider et al. 2000) was used for the analyses and 
descriptive statistics described here. Total molecular variance within shy and white- 
capped albatrosses was partitioned into hierarchical components using separate
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analyses of molecular variance (amova; Excoffier et al. 1992). Pairwise EVr 
estimates were generated to investigate genetic differences within and between shy 
and white-capped albatross populations, whereby probability values for Fst derive 
from null distributions generated from 1023 random permutations among 
populations. As correcting for multiple hits was unnecessary due to low divergence, 
uncorrected sequence divergence estimates were calculated from Nei’s average 
number of pairwise differences within and between populations (PiXY; Nei & Li 
1979).
A nested clade analysis (NCA) was also performed to examine the population 
structure and population histories of shy and white-capped albatrosses. NCA is 
aimed at “separating population structure from population history as sources of 
geographical associations” among haplotypes (Templeton et al. 1995:768), and has 
recently become a popular tool for analysing intraspecific genetic data (e.g. Gomez- 
Zurita et al. 2000; Paulo et al. 2002; Perkins 2001; Worheide et al. 2002). A 
statistical parsimony network using a 95% confidence limit was estimated for shy 
and white-capped albatross haplotypes and subsequently converted into a nested 
cladogram using the program TCS version 1.13 (Clement et al. 2000) and following 
nesting rules outlined in Crandall (1996), Templeton et al. (1987), and Templeton & 
Sing (1993). The program GeoDis 2.0 (Posada et al. 2000) was used to test for 
significant associations between haplotypes and geography using: 1) a nested 
contingency analysis, which treats sampled locations as categorical variables; and 2) 
a nested geographical distance analysis, which incorporates information of 
geographical distances between sampled locations. The latter analysis calculates two 
main statistics: the clade distance (Dc) which measures the geographical spread of a 
clade, and the nested clade distance (Dn) which measures the geographical spread of 
a clade in relation to other clades nested in the same higher-level category (Posada et 
al. 2000). An inference key first presented in the appendix of Templeton et al.
(1995) simplifies interpretation of the distance statistics when the null hypothesis of
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no geographical association among haplotypes is rejected. I used an updated version 
of the inference key to interpret the population structure and history of all clades that 
yielded significant results (P < 0.05) in the nested geographical distance analysis. In- 
depth details on nested clade analyses are described in Templeton (1998).
Results
Forty-three variable sites were found among the 59 shy and white-capped albatross 
sequences, which defined 37 unique haplotypes: 15 within shy albatrosses and 22 
within white-capped albatrosses. Among the 66 total sequences generated from shy, 
white-capped, Salvin’s, Chatham, and Buller’s albatrosses, there were 44 unique 
haplotypes defined by 62 variable sites (Figure 2). No haplotypes were shared 
between shy and white-capped albatrosses and one fixed nucleotide difference was 
identified between the two species. Average pairwise sequence divergence between 
shy and white-capped albatrosses (1.8%) was less than that between Salvin’s and 
Chatham albatrosses (2.9%). Sequence divergence between these two groups was 
much higher (7.0%).
Phylogenetics
Fifty-six variable sites were found among the 32 sequences used in the phylogenetic 
analyses on shy, white-capped, Salvin’s, Chatham, and Buller’s albatrosses; 42 of 
which were parsimony-informative. Cladistic parsimony produced 12 trees in all of 
which a Salvin’s/Chatham group is sister to a shy/white-capped group. There was no 
clear resolution of the branching order within either of these groups, and bootstrap 
support for the Salvin’s/Chatham group was low (51%), implying that its monophyly 
is not supported by the data.
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Modeltest (Posada & Crandall 1998) applied to the whole of the data suggested a 
highly unusual maximum likelihood model in which base-transitions and G-T 
transversions are common but all other transversions are disallowed. On inspection 
of the aligned data, three variable sites (nos. 46, 102 and 148) were seen to carry 
apparent G-T transversions that, because of their distribution across the taxa, raised 
serious doubts concerning: (1) the homology of identical states; or (2) the 
independence of the apparent transversion event from transitions in immediately 
adjacent positions. These three characters were excluded from the analysis.
Modeltest applied to the remaining characters recovered a maximum likelihood 
model in which parameter values were biologically reasonable. Application of this 
model gave the ML tree in Figure 3, shown with parsimony and ML bootstrap 
results.
Results from maximum likelihood and parsimony both suggest a monophyletic but 
internally unresolved shy/white-capped group which is well separated from an 
unresolved Salvin’ s/Chatham group. The latter is paraphyletic or else not 
convincingly monophyletic. Further testing of branches using models optimised with 
a variety of combinations of the 'suspect' and adjacent positional characters found no 
significant variation from these bootstrap scores (data not shown), further confirming 
these results.
Population genetics
The various population genetic analyses of 30 shy and 29 white-capped albatrosses 
yielded consistent results, amova showed a small yet statistically significant 
proportion of the variance residing among populations within each of the two species 
(2.6%, P < 0.05), and larger, highly-significant components of variance existing 
between the shy and white-capped albatross species (37.9%, P < 0.001) and within 
populations (59.4%, P < 0.001). Pairwise Fst values between populations ranged
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Figure 3. Maximum likelihood (ML) phylogenetic tree (using TrN + I model) 
for the mitochondrial control region of shy (c), white-capped (s), Salvin’s (Sal), 
ar.d Chatham’s (Ere) albatrosses, with Buller’s (Bui) albatrosses as the outgroup. 
Three data characters were excluded from the analysis (see text). Bootstrap 
values over 80% obtained from 100 resamplings using ML (above branches) and 
parsimony (below branches) are shown. Sequences found in more than one 
individual have the sample size in parentheses (but note that not all sampled 
individuals were included in this analysis).
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from -0.01 (interpreted as zero) between Logan Point and Disappointment Island, to 
0.50 between Pedra Branca and Disappointment Island (Table 1). Fst values for all 
excepting one (Mewstone/Pedra Branca, P < 0.05) within-species population level 
comparisons were non-significant, and all between-species population level 
comparisons were highly significant (P < 0.001).
Phylogeography and nested clade analysis
The minimum spanning network (MSN; Figure 4) depicts shy and white-capped 
albatrosses as two distinct groups connected by as little as one fixed substitutional 
change, with one white-capped albatross haplotype as an exception (sL21). This 
outlier is four mutational steps from the nearest shy albatross haplotype (cM40), five 
steps from one other shy haplotype (cM2), and is over five steps from other shy 
haplotypes. However it is five mutational steps from four white capped albatross 
haplotypes. Its correct association appears ambiguous therefore it was excluded 
from the NCA.
During the nesting procedure of the NCA, loops in the statistical parsimony network 
lead to ambiguities in the nesting design. In these cases I placed geographically 
more proximate haplotypes or clades together to prevent significant results arising 
artificially from the nesting procedure itself.
The whole network was included in four three-step clades (Figure 5). The 
geographical distribution of clade 3.2 corresponded to the shy albatross breeding 
range, that of both clades 3.1 and 3.4 corresponded to the white-capped albatross 
breeding range that was represented in this study, and the distnnution of clade 3.4 
covered Disappointment Island and Southwest Cape only. The null hypothesis of no 
geographical association of clades was rejected by the nested contingency analysis in 
two two-step clades, 2.1 (x2 = 14.0; P < 0.05) and 2.4 (x2 = 18.2; P < 0.01), and one
Table 1. Matrix of pairwise comparisons of Fst (above diagonal) and their 
probability values (below diagonal) for three populations of shy albatrosses and three 
populations of white-capped albatrosses (W.C.). Values significant at P < 0.05 are 
marked with an asterisk.
Shy albatrosses White-capped albatrosses
Species Population Albatross Mewstone Pedra Auckland Adams Disappt.
Shy Albatross — 0.07 0.07 0.34* 0.41* 0.44*
Mewtone 0.12 — 0.16* 0.33* 0.38* 0.42*
Pedra 0.11 0.03 — 0.37* 0.45* 0.50*
W.C. Auckland <0.001 <0.001 <0.001 — 0.02 0.03
Adams <0.001 <0.001 <0.001 0.28 — -0.01
Disappt. <0.001 <0.001 <0.001 0.20 0.63 —
cM38
cM30
cA32
cM45 T. cauta
cM40
T. steadi
Figure 4. Minimum spanning network from 299 bp of control region sequence from 
30 shy albatrosses (c) and 29 white-capped albatrosses (s). The size of each oval is 
approximately proportional to the number of birds sharing that hapiotype; the 
rectangles represent haplotypes shared by two individuals (see Figure 2 for sample 
size and sampling location(s) of each hapiotype). The number of substitutional 
changes between haplotypes is indicated by the number of crosshatches. Lines with 
no crosshatches indicate a single base change.
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9three-step clade, 3.1 (x = 10.8; P < 0.05). Clade 2.1 did not have correspondingly 
significant results in the geographic distance analysis, however clades 2.4 and 3.1, 
that were each comprised of four nested lower-level clades, each had one clade with 
significantly small and/or large Dc/Dn values. In both cases, the geographical 
pattern identified by the inference key was restricted gene flow with isolation by 
distance.
The entire cladogram showed highly significant (%2 = 67.4; P < 0.001) associations 
between geography and sequence types. The inference key predicted that range 
expansion through long distance colonisation from the white-capped albatross range 
to the shy albatross range. Each of the three-step clades nested within the entire 
cladogram had significantly small Dc values, and clade 3.2 (which was comprised 
exclusively of shy albatrosses, who were absent from all other three-step clades) also 
had a significantly large Dn value. The coupling of a small Dc and large Dn for 
clade 3.2 is suggestive of long-distance movements.
SNP Test
All of the 60 known-provenance birds that were subjected to the SNP test were 
correctly identified, thus implying that the substitutional change is indeed a fixed 
difference between shy and white-capped albatrosses.
Discussion
I found low levels of sequence divergence in the mitochondrial control region 
between shy and white-capped albatrosses. Phylogenetic analyses aimed at reducing 
the current ambiguity around their taxonomic status did not resolve species-level 
relationships. However novel insight into the degree of genetic disparity between
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shy and white-capped albatrosses and the evolutionary relationship between them 
was gained using analytical tools designed for intra-specific comparisons. Similar 
findings of low control region divergence have been reported in other closely related 
albatross species (Burg 2000).
Shy and white-capped albatrosses do not form phylogenetically distinct groups, 
though there is a fixed difference between them. The absence of shared haplotypes is 
unlikely to be an artifact of high haplotype diversity and inadequate sample sizes 
because the AMOVA analysis shows that the between-species component of molecular 
variance is 15 times higher than the within-species component. Hence it can be 
inferred that the lack of haplotype sharing indicates that females do not migrate 
between the geographic areas in which the forms occur. The low divergence 
observed between shy and white-capped albatrosses suggests that this demographic 
isolation is recent, as does the starburst pattern in Figure 4.
Phylogeny
Phylogenetic analyses showed that the shy and white-capped albatross group is 
monophyletic, but the Salvin’s and Chatham albatross group is not monophyletic. 
These analyses did not provide resolution to species level within either group. This 
is surprising with respect to the Salvin’s and Chatham albatross group considering 
the gross morphological differences between them. Adult Chatham albatrosses have 
very dark plumage on the head and neck and unmistakably bright yellow bills, while 
Salvin’ s albatrosses have noticeably lighter grey head and neck plumage and grey 
bills with a contrasting pale culminicom (Tickell 2000). Conversely, it is less 
surprising that phylogenetic methods did not resolve the shy and white-capped 
albatross pair given their morphological similarity.
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Low mtDNA divergence
The control region is comprised of three subregions that exhibit strikingly different 
levels of sequence variation (Baker & Marshall 1997) hence it is only appropriate to 
compare divergence estimates among studies that examine the same subregion(s). I 
am aware of only a few studies describing variation in Domain I of the control region 
between closely-related avian taxa. Sequence divergence in this subregion between 
two subspecies of sage grouse (Centrocercus urophasianus) averaged 17.5%, and 
contributed to the recommendation that they be recognised as separate species 
(Oyler-McCance et al. 1999). In contrast, sequence divergence in Domain I of the 
control region among four separate species of gnatcatchers (Polioptila spp.) averaged 
3.8% (Zink & Blackwell 1998). Given that shy and white-capped albatrosses are 
provisionally considered separate species, based on these comparisons the level of 
sequence divergence between them (1.8%) is low.
Low levels of genetic divergence have also been found in Domain I of the 
mitochondrial control region of other albatrosses. Very low divergence (about 1%) 
in this region has been reported between two New Zealand endemic species of 
wandering albatrosses that differ in breeding plumage colouration (Diomedea gibsoni 
and D. antipodensis\ Burg 2000). In contrast, global black-browed albatross (71 
melanophrys) populations form two distinct groups (4% sequence divergence in 
Domain I of the control region; Burg & Croxall 2001) that do not differ 
phenotypically. Slow rates of mitochondrial DNA evolution have been reported in 
albatrosses (Nunn & Stanley 1998), however inconsistencies in the relationship 
between mitochondrial control region divergence levels and morphological change in 
albatrosses require further investigation. Perhaps low control region divergence 
between easily recognisable species of albatrosses is simply attributable to a slow 
rate of molecular evolution in those taxa; thus divergence levels do not reflect 
morphological change to the degree we predict. Alternatively, the rate of molecular 
change in the control region may be highly uniform among albatross species, and
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rapid radiation events are generating accelerated rates of morphological change 
between certain closely related groups. Regardless of the mechanism, the control 
region sequence did not substantiate all of the species boundaries suggested by 
Robertson and Nunn (1998).
Shy and white-capped albatrosses
The minimum spanning network, a m o v a , and highly significant F$y estimates show 
distinct structuring between shy and white-capped albatrosses and little or no 
structuring within each species. Together with a fixed substitutional change this is 
strong evidence against the occurrence of any contemporary female-mediated gene 
flow between these species. The SNP test developed to confirm the fixed difference 
could now be used as a simple, cost-effective method of identifying the species of 
shy-type birds killed on longline hooks.
The general lack of genetic structuring within each species may indicate that 
conspecific populations are exchanging individuals to a sufficient extent to prevent 
population level genetic differentiation. Alternatively the populations within each 
species could have been recently isolated, or products of recent colonisation events 
so that genetic changes have not yet accumulated in the control region.
Assessment of nested clade analysis (NCA)
The NCA detected patterns of significant geographical associations among shy-type 
haplotypes that were generally similar to those revealed by AMOVA and F st 
estimates: results were highly significant when analysing between the two species 
(the level of the entire cladogram), whereas within-species clades were not supported 
statistically. The inference key predicted that shy albatrosses arose through range 
expansion via long distance colonisation by white-capped albatrosses. Such
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expansion is supported by other evidence. White-capped albatross breeding islands 
are part of a geographical ‘hotspot’ of albatross diversity in New Zealand’s 
subantarctic, which is a likely source of progressive occupation of albatrosses 
throughout the Southern Ocean. Further, the breeding islands of all of the closest 
relatives of shy-types are geographically much nearer to white-capped albatross 
populations than to shy albatross populations. Several features of the haplotype 
network also suggest that shy albatrosses arose from white-capped albatrosses and 
imply a founder effect. First, eleven individuals share the most common haplotype 
in shy albatrosses whereas only five individuals share the most common haplotype in 
white-capped albatrosses. Second, haplotype diversity of shy albatrosses is much 
lower than that in white-capped albatrosses — 15 (in 30 individuals) compared to 22 
(in 29 individuals). Third, the number of mutational steps connecting all shy 
albatross haplotypes is much less than the number connecting all white-capped 
albatross haplotypes (41 as compared to 64). Hence based on all data presented here, 
it is highly plausible that shy albatross populations are derived from white-capped 
albatross populations and were founded by a small number of individuals.
Recent evidence suggests that predictions made by the inference key need to be made 
with extreme caution. Knowles and Maddison (2002) used computer simulated 
populations to evaluate the accuracy with which NCA distinguished between 
recurrent gene flow and historical processes, and found that NCA did not adequately 
account for the stochasticity in the coalescent process to effectively distinguish 
between the two processes. Consequently it is critical to examine the results of the 
inference key in the context of other evidence and not to rule out other explanations 
for the observed patterns too hastily. Nonetheless, that range expansion by white- 
capped albatrosses founded shy albatrosses appears to be highly plausible.
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Taxonomy
Two reasons were originally given to justify species status for shy and white-capped 
albatrosses: breeding asynchrony and lack of overlap of wing morphometries 
(Robertson & Nunn 1998; but see Double et al. in review). The taxonomic 
separation of Salvin’s and Chatham albatrosses from each other and from shy-type 
albatrosses has not been contested, likely due to the morphological distinctiveness of 
these three groups. Based on my results, the taxonomic separation of shy and white- 
capped albatrosses from Salvin’s and Chatham albatrosses is clearly justified, 
however the taxonomic classification within shy and white-capped albatrosses 
remains unresolved.
There are several different theories on what constitutes a species, with accompanying 
criteria aimed at making species definitions operational (e.g. Cracraft 1983; Davis & 
Nixon 1992; de Queiroz 1998; Mayr 1996; Templeton 1989; Wiley 1978).
According to the biological species concept (BSC; Mayr 1996) species status hinges 
on mechanisms that render groups of organisms reproductively isolated. Despite the 
caveat that shy and white-capped albatrosses are presumably not reproductively 
isolated in a physiological sense, the temporal separation of their mating seasons is 
considered a valid premating isolating mechanism (Templeton 1989) and 
morphological divergence is not a prerequisite. Therefore, they appear to qualify as 
separate species under the BSC. There are two modem versions of the phylogenetic 
species concept (PSC; e.g Cracraft 1983; Donoghue 1985). One of these focuses on 
minimum diagnosable units, and defines a species as the smallest group of organisms 
diagnosable by a unique combination of character states (Cracraft 1983). The single 
fixed difference in th** mitochondrial DNA of shy and white-capped albatrosses 
would be sufficient evidence of divergence to qualify them as separate species 
according to this definition. A different version of the PSC categorises monophyletic 
groups as species (Donoghue 1985), a criterion that precludes shy and white-capped 
albatrosses as separate species based on the data presented here. The notion of
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monophyletic groups as species has lead to the emergence of the genealogical 
species concept, which uses gene coalescence as the criterion for species recognition. 
A group of organisms qualifies as a species “if their genes coalesce more recently 
within the group than between any member of the group and any organisms outside 
the group” (Baum & Shaw 1995:296). Data from several genes are required to 
estimate coalescence times, which are not currently available for shy and white- 
capped albatrosses.
Many taxonomists use genetic distance estimates to deduce taxonomic status of 
equivocal groups. This usually involves comparisons of sequence divergence 
estimates between morphologically distinct or “good” species with those of 
questionable taxonomic status (e.g. Norman et al. 2002). A study of the control 
region of the black-browed albatross complex (Thalassarche melanophrys and T. 
impavida) identified three genetically distinct groups (Burg & Croxall 2001). Two 
distinct groups were found within T. melanophrys that were separated by 4% 
sequence divergence, and T. impavida was separated by each of the T. melanophrys 
groups by around 6-7% sequence divergence. Burg and Croxall (2001) concluded 
that these data were good support for species recognition for T. impavida, and that 
both groups within T. melanophrys may represent separate species. By this method, 
the level of sequence divergence between shy and white-capped albatrosses (1.8%) 
appears insufficient to suggest separate species status.
The abundance of discrepant theories and criteria about what defines a species 
presents a difficult challenge when making practical decisions about where species 
boundaries lie. The British Ornithologists’ Union recently developed guidelines for 
the application of species limits in avian taxonomy. Species rank is approved once 
taxa are sufficiently divergent to be deemed ‘diagnosable’ and if the possibility that 
their gene pools will merge in the future is reasonably precluded (Helbig et al. 2002). 
For allopatric taxa, species rank is considered warranted if they are fully diagnosable
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in each of several discrete or continuously varying characters, which include 
morphological, molecular, or structural (e.g. foraging strategy) features (Helbig et al. 
2002). Their criteria would consider the single fixed nucleotide difference between 
shy and white-capped albatrosses insufficient to satisfactorily eliminate doubt about 
their future integrity, hence separate species status would not be recognised.
Shy and white-capped albatrosses appear to be either newly diverged species or in 
the process of speciating, such that for some species concepts ‘acceptable’ species- 
level differences have not yet accumulated. Results of ongoing morphological and 
nuclear genetic studies on shy and white-capped albatrosses will determine whether 
they have any diagnostic morphological characters and will test for male-mediated 
gene flow; therefore at present I reserve judgement on their taxonomic status in 
favour of readdressing the issue when more information becomes available.
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Abstract
Six variable microsatellite loci were used to examine genetic structuring in the 
closely-related shy albatross (Thalassarche cauta) and white-capped albatross (T. 
steadi). First, levels of genetic differentiation between the species, and among three 
populations within each species, were analysed using amova, Fst, and R$y . I found 
high levels of genetic structuring and detected many unshared alleles between the 
species, which provide strong evidence against any contemporary gene flow between 
them. Within each species, shy albatross populations were found to be genetically 
distinct whereas white-capped albatross populations were undifferentiated, which 
implies that dispersal events are much rarer in the former than in the latter. These 
results formed the basis for the recommendation that the three white-capped albatross 
populations (as a whole) and each shy albatross population be treated as separate 
units for conservation. Second, levels of genetic diversity and allelic patterns in shy 
and white-capped albatrosses were assessed for whether they support earlier mtDNA 
results suggesting that shy albatrosses arose through range expansion of white- 
capped albatrosses. All measures indicated lower genetic diversity within shy 
albatrosses than within white-capped albatrosses and upheld the hypothesis that shy 
albatrosses were founded by white-capped albatrosses.
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Introduction
There are several challenges associated with studying the dispersal behaviour of 
pelagic bird species. Their wide-ranging movements at-sea make them difficult to 
track in the wild, and their breeding locations are often sufficiently remote that 
extensive demographic studies are rare (but see Croxall et al. 1990; Prince et al.
1994; Weimerskirch et al. 1997; Weimerskirch & Jouventin 1998). For albatrosses, 
these challenges have resulted in relatively few empirical studies on their dispersal 
patterns, which have traditionally been limited to studies of banded populations. 
While satellite telemetry and data loggers have recently provided a wealth of new 
information on the at-sea behaviour of albatrosses (e.g. Arnould et al. 1996; Brothers 
et al. 1998; Sagar & Weimerskirch 1996; Weimerskirch & Guionnet 2002), these 
techniques are not well-suited to monitoring the movements of large groups, for 
which indirect inferences using genetic data can be very effective. Indeed, genetic 
techniques have been used to elucidate the dispersal patterns and/or migratory 
behaviour of several oceanic vertebrate species (e.g. Baker et al. 1994; Bass et al. 
1996; Encalada et al. 1998; Fitzsimmons et al. 1997; Lahanas et al. 1998).
Despite their high dispersal potential due to inherently high vagility, studies of 
banded populations of albatrosses have shown them to be extremely philopatric 
(Prince et al. 1994; Sagar et al. 1998; Weimerskirch et al. 1985). This has lead to 
predictions of restricted gene flow among breeding locations and to the growing 
view that many individual albatross breeding islands harbour distinct terminal taxa 
(Robertson & Nunn 1998). However a recent genetic study found little 
differentiation among populations of grey-headed albatross (Thalassarche 
chrysostoma) and described them as globally panmictic based on microsatellites and 
mitochondrial DNA (Burg & Croxall 2001). The same study reported contrasting 
levels of genetic differentiation among black-browed albatross (T'. melanophrys) 
populations, with the Falkland Islands population found to be highly divergent from
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a group of three otherwise undifferentiated, yet geographically distant, populations 
(Diego Ramirez, South Georgia, and Kerguelen;Burg & Croxall 2001).
Seabird mortality caused by drowning on longline fishing hooks is occurring 
throughout the Southern Ocean (Tuck et al. 2003) and is cited repeatedly as being 
responsible for population declines in several albatross species (Croxall et al. 1990; 
de la Mare & Kerry 1994; Nel et al. 2002; Prince et al. 1994; Weimerskirch et al. 
1997; Weimerskirch & Jouventin 1987; Weimerskirch & Jouventin 1998). Despite 
having received considerably less recent attention than longlining bycatch, 
significant albatross mortality also results from interactions with trawl fisheries 
(Bartle 1991; Robertson et al. 2003). Deaths tend to occur when birds collide with 
trawl warps or other cables, or become entangled in the net itself (Baker et al. 2002). 
Thought to be largely a result of incidental fisheries-related deaths, 83% of albatross 
species are considered threatened (Croxall & Gales 1998).
Knowledge of the population genetic structure of threatened species can contribute 
substantially towards evaluating population viability (Haig 1998) and identifying 
appropriate conservation strategies, however this information is unavailable for most 
albatross species. A fundamental concept in conservation biology is that of the 
evolutionarily significant unit (ESU; reviewed in Fraser & Bematchez 2001), 
developed to guide the prioritisation of units for conservation below taxonomic 
levels. Information on whether and how genetic diversity is partitioned among 
albatross populations could lead to the identification of units within species that are 
of particular conservation relevance, and thereby aid the development of 
management plans aimed at preserving current levels of genetic diversity.
Shy and white-capped albatrosses (Thalassarche cauta and T. steadi) are both 
categorised as vulnerable under the International Union for the Conservation of 
Nature criteria (Croxall & Gales 1998) and are thought to be killed on longline
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fishing hooks in Australian (Brothers 1991), New Zealand (Murray et al. 1993), and 
South African (Ryan et al. 2002) waters, and by squid trawl fishing around New 
Zealand (Robertson et al. 2003). Previously classified as subspecies, their recent 
recognition as separate species followed a taxonomic revision suggested by 
Robertson and Nunn (1998), and has remained hotly contended. Indeed, their 
morphologies are extremely similar (Double et al. 2003) and the evolutionary 
relationship between them is yet to be resolved (Abbott & Double 2003 [Chapter I]). 
A recent study of the relationship between shy and white-capped albatrosses using 
mitochondrial control region sequence data found strong genetic structuring between 
them despite low sequence divergence (Abbott & Double 2003 [Chapter I]). The 
data also suggested shy albatrosses were founded through range expansion by white- 
capped albatrosses. Little genetic structuring was found within either species.
The current study uses microsatellite DNA markers to address two main aims. First, 
the hierarchical apportionment of genetic diversity within and between shy and 
white-capped albatrosses is examined, for which microsatellites have advantages 
over previously-used mtDNA. Bi-parental inheritance allows estimates of gene 
exchange as mediated by both sexes, and hypervariability provides high resolution of 
the spatial organisation of genetic variation within species. These data will assist in 
discerning the dispersal tendencies of shy and white-capped albatrosses and in the 
identification of evolutionarily significant units for conservation purposes. Second, I 
compare levels of genetic diversity between shy and white-capped albatrosses and 
assess whether they support the mtDNA hypothesis that shy albatrosses were 
founded through range expansion of white-capped albatrosses. Ultimately these data 
should also help resolve their taxonomic ambiguity.
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Methods
Nomenclature
In accordance with the most recent taxonomic hypothesis for albatrosses I adopt the 
species nomenclature suggested by Robertson & Nunn (1998). I use the names ‘shy 
albatross’ and ‘white-capped albatross’ and refer to them as species, although I 
recognise that the appropriateness of this classification is uncertain.
Study species and sample collection
Shy albatrosses breed exclusively on three islands near Tasmania, Australia, which is 
roughly 1800 km from the main breeding sites of white-capped albatrosses in the 
Auckland Islands group in New Zealand’s subantarctic (Figure 1). A small 
population of 50-100 pairs of white-capped albatrosses breed at Bollons Island in the 
Antipodes Islands.
I obtained DNA by taking blood from nestlings at breeding colonies. The population 
sizes and relative locations of breeding sites, with the number of nestlings sampled 
indicated in parentheses, are as follows. Shy albatross populations at Mewstone (n = 
23) and Pedra Branca (n = 20) are separated by about 50 km and have c. 7000 and c. 
250 breeding pairs respectively (Brothers et al. 1998). Approximately 420 km away 
is a shy albatross population on Albatross Island (n = 24) with c. 5000 pairs 
(Brothers et al. 1998). The three white-capped albatross breeding sites in the 
Auckland Islands are located within approximately 30 km of each other (population 
sizes taken from Gales 1998): c. 72000 pairs on Disappointment Island (n = 24); c. 
3000 pairs at Southwest Cape, Auckland Island (n = 23); and c. 100 pairs at Logan 
Point, Adams Island (n = 23). Samples from the small population of white-capped 
albatrosses at Bollons Island were not obtained. All samples from each site were
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Figure 1. Locations of sampled breeding sites for shy and white-capped albatrosses. 
Sample sizes per population are as follows: Albatross Island {n = 20), Mewstone (n = 
20), Pedra Branca (n = 20), Disappointment Island (n = 20), Southwest Cape (n =
19), and Logan Point (n = 20).
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collected during the same breeding season, and since both species lay only one egg 
per year there was no possibility of sampling siblings. I also purposely sampled 
chicks that were distributed as evenly throughout the colony as possible to reduce the 
probability of sampling related individuals at adjacent nests. A minimum of five 
nests separated the nests of sampled chicks, except at Logan Point where small 
population size demanded more intensive sampling.
DNA extraction and microsatellites
DNA was extracted using ammonium acetate as described in Nicholls et al. (2000).
A total of six microsatellite DNA markers were used. Two loci were originally 
isolated in grey-headed albatrosses (Thalassarche chrysostoma) and one in 
wandering albatrosses (Diomedea exulans): Dc5, Dc9 (Burg 1999), and De35 (Burg 
& Croxall 2001) respectively. Three loci were isolated from shy albatrosses using 
both enriched and unenriched methods. An enriched library was made following 
procedures outlined in Paetkau (1999a) but yielded only one variable autosomal 
locus, Tc2 (Tc2Fl: 5’-CAATGTGTTATTCTCTGTCC-3’ and Tc2Rl: 5’- 
CTATGCCAGTCACTGCATGG-3’). Locus Tc65 (Tc65F: 5’- 
ACTGGACTGCTTTCTTTCCG-3’ and Tc65R: 5’-
GACATTAACTGGTGTTTCTTAGGG-3’) was isolated following procedures 
described in Scott et al. (2001). Locus Tc9 (Tc9Fl: 5’-
ATACGCCGCACTTGATCC-3’ and Tc9R4: 5,-CTCGCTACGACCGCATCC-3’) 
was isolated following a similar approach to Dawson et al. (1997). Four variable Z- 
linked loci were also isolated (information available on request).
All but one loci were amplified using a single-reaction nested PCR method using 
forward primers with iluorescently labelled M13(-21) attached to their 5’ends as 
described in Schuelke (2000). Reverse primers were “PIG-tailed” to improve 
scoring (Brownstein et al. 1996).
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PCR reactions were 10 pi in volume. All loci except Tc65 were amplified using 50- 
100 ng of genomic DNA, 200 pM dNTP, 2 pmol each of fluorescently labelled Ml 3 
primer and reverse primer, 0.2 pmol of M13-labelled forward primer, 2.3 mM 
MgSC>4, and 0.5 U Platinum Taq DNA polymerase (Invitrogen) in lx PCR 
Amplification buffer and lx PCR Enhancer Solution (Invitrogen). PCR cycles were 
3 min at 94 °C; a ‘touchdown’ of 25 s at 94 °C, 25 s at 70 °C to 50 °C (dropping 5 
°C per 3 cycles), 25 s at 72 °C; 30 cycles of 25 s at 94 °C, 25 s at 48 °C, 25 s at 72 
°C and one final cycle of 3 min at 72 °C. Locus Tc65 was amplified using 50-100 
ng of genomic DNA, 200 pM dNTP, 4.3 mM MgCh, 2 pmol of fluorescently 
labelled forward primer, 2 pmol of reverse primer, 0.5 U of AmpliTaq DNA 
Polymerase (Applied Biosystems) in lx reaction buffer. A 3-step cycling profile 
with annealing temperature of 50 °C was repeated 35 times. PCR products from all 
loci for each individual were combined, ethanol precipitated, and multiplexed in a 
single gel lane of a ABI Prism 377 automated sequencer. Data were analysed using 
GeneScan 3.1.2 (PE Biosystems).
Analysis
Twenty to 24 individuals from each of the six main shy and white-capped albatross 
breeding islands (sample size per population listed in Table 1) were screened at six 
microsatellite loci. I tested for departures from Hardy-Weinberg equilibrium using 
Guo and Thompson’s (1992) analogue of Fisher’s Exact Test and for linkage 
disequilibrium using Genepop (Raymond & Rousset 1995).
An analysis of molecular variance (AMOVA, Excoffier et al. 1992) was performed 
in Arlequin (Schneider et al. 2000) using all six populations to estimate the total 
percentage variance attributable to between species differences, to between 
population differences within species, and to differences among individuals within 
populations. An amova was also performed separately on shy and white-capped
Table 1. Estimates of the number of alleles per locus (Na) and the expected (He) 
and observed (Ho) heterozygosities for six microsatellite loci in three populations of 
shy albatross and three populations of white-capped albatross. Population names are 
abbreviated as follows: Albatross Island (AI), Mewstone (MW), Pedra Branca (PB), 
Southwest Cape (SW), Logan Point (LG), and Disappointment Island (DP). After 
Bonferroni correction, none of the He estimates showed a significant departure from 
Hardy-Weinberg equilibrium.
Population Tc2 Tc65 Tc9 Dc5 Dc9 De35 Average
Shy
A I(n = 24)
Na 3 4 5 2 3 7 4.00
He 0.62 0.70 0.61 0.37 0.52 0.82 0.61
Ho 0.58 0.75 0.63 0.42 0.33 0.75 0.58
MW (n = 23)
Na 3 5 5 2 3 7 4.17
He 0.63 0.75 0.61 0.52 0.20 0.80 0.59
Ho 0.61 0.83 0.65 0.43 0.17 0.70 0.57
PB (n = 20)
Na 3 3 5 2 3 8 4.00
He 0.35 0.55 0.50 0.34 0.32 0.78 0.47
Ho 0.35 0.70 0.60 0.25 0.20 0.75 0.48
White-capped
SW (n = 23) 
Na 5 6 8 3 5 10 6.17
He 0.60 0.72 0.80 0.46 0.40 0.89 0.65
Ho 0.65 0.78 0.78 0.43 0.43 0.87 0.66
LG (n = 23)
Na 4 7 6 2 4 10 5.50
He 0.37 0.76 0.74 0.44 0.55 0.87 0.62
Ho 0.26 0.70 0.70 0.17 0.61 0.91 0.56
DP (n = 24)
Na 7 7 7 3 5 10 6.50
He 0.60 0.75 0.85 0.42 0.59 0.87 0.68
Ho 0.50 0.67 0.88 0.46 0.58 0.92 0.67
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albatrosses to partition within-species variance into among population and within 
population components. Population differentiation was estimated through pairwise 
population comparisons of Fst (Wright 1978) and its analogue R$y (Slatkin 1995) 
using Arlequin and RSTCALC (Goodman 1997) respectively. For a visual 
representation of genetic patterns, a principal co-ordinates (PCO) analysis of 
pairwise population Fst values was performed using GenAlEx V5.04 (Peakall & 
Smouse 2001).
Genetic diversity in shy and white-capped albatrosses was examined in the context of 
the mtDNA hypothesis that shy albatrosses were founded by a small number of 
white-capped albatrosses (Abbott & Double 2003 [Chapter I]). Genetic theory 
predicts a significant reduction in effective population size will cause a population to 
lose substantial genetic variation, corresponding to a reduction in allele number and 
heterozygosity at polymorphic loci (Chakraborty & Nei 1977; Nei et al. 1975). I 
pooled populations within each species and tested for species level differences of 
mean allelic diversity and mean heterozygosity per locus by a two-way analysis of 
variance with locus and population as main parameters using JMP Version 3.0 (SAS 
Institute Inc., Cary, NC, USA). I also examined the presence/absence of particular 
alleles at the species level, and used a one-way ANOVA to test for a difference 
between the mean frequency of white-capped albatross alleles also found in shy 
albatrosses and the mean frequency of alleles unique to white-capped albatrosses (as 
the putative ‘source population’).
I also employed the technique of Comuet and Luikart (1996) for detecting recent 
population bottlenecks using allele frequency data. The premise is that bottlenecked 
populations experience a transient phase whereby the observed heterozygosity is 
higher than the expected heterozygosity at mutation-drift equilibrium given the allele 
number, because allele number decreases more quickly than heterozygosity (Piry et 
al. 1999). A one-tailed Wilcoxon signed rank test implemented in the program
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BOTTLENECK (Piry et al. 1999) was used to test for heterozygosity excess under two 
mutation models: the infinite alleles model (IAM) and the stepwise mutation model 
(SMM). Tests were performed separately on each population, and on the pooled data 
for each species.
Results
The six microsatellite loci assayed had an overall mean heterozygosity across all 
samples and loci of 0.57, with allele numbers ranging from 3 to 10 alleles per locus 
(Table 1). Before sequential Bonferroni correction (Rice 1989), 2 of 36 (5.5%) 
locus-population comparisons showed significant departures from Hardy-Weinberg 
equilibrium (Logan Point at loci Tc2 and Dc5), whereas no departures were evident 
after the correction. All tests for linkage disequilibrium were not significant.
Not surprisingly, variability between species is usually expected to be higher than 
variability within species. However, a hierarchical a m o v a  for shy and white-capped 
albatrosses showed that the between-species component of variance (3.9%) was 
lower than that among populations within species (4.7%). Subsequent AMOVA tests 
on each species separately indicated that among-population genetic variability was 
much higher within shy albatrosses (9.0%) than within white-capped albatrosses 
(1.2%). Further, the PCO analysis (Figure 2) illustrated that much of the genetic 
variance within shy albatrosses was attributable to high divergence of the Pedra 
Branca population. To test the effect of the Pedra Branca population on the 
hierarchical AMOVA I repeated the analysis excluding it, and this yielded more typical 
results: 6.3% of genetic variance was attributed to between-species differences, and 
2.3% was attributed to among-population differences within species. Unexpectedly 
high divergence of the Pedra Branca population was not detected in an earlier study 
using mtDNA control region data (Abbott & Double 2003 [Chapter I]).
Figure 2. PCO plot of pairwise population Fst values among three populations of 
shy albatrosses (Albatross Island (AI), Mewstone (MW), and Pedra Branca (PB); 
represented by triangles) and three populations of white-capped albatrosses 
(Southwest Cape (SW), Logan Point (LG), and Disappointment Island (DP); 
represented by ovals).
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Strong genetic structuring between shy and white-capped albatrosses was indicated 
by highly significant estimates of Fst (0.054, P < 0.001) and Rst (0.049, P < 0.001). 
Similarly, all pairwise cross-species population comparisons showed high levels of 
genetic structuring (Table 2). Pairwise population Fst comparisons within shy 
albatrosses showed highly significant structure (P < 0.001) whereas only one 
pairwise population comparison within white-capped albatrosses was significant 
(Southwest Cape and Logan Point, P < 0.05). Apart from a few discrepancies, 
results of pairwise population comparisons of Rst were similar to those of Fst but 
with lower significance levels (Table 2). The general consensus from significance 
patterns of Fst and Rst estimates depicts high levels of genetic structuring both 
between the two species and within shy albatrosses, and low levels of genetic 
structuring within white-capped albatrosses.
Across all loci, the total number of alleles and the number of species-specific alleles 
were both much higher in white-capped albatrosses than in shy albatrosses (Table 3). 
The mean number of alleles per locus was 4.1 for shy albatrosses and 6.1 for white- 
capped albatrosses, which was statistically different (ANOVA, F= 15.8, P < 0.001). 
Mean heterozygosity across all loci and all populations within species was 0.54 for 
shy albatrosses and 0.63 for white-capped albatrosses, although this difference was 
not significant (ANOVA, F= 2.3, P = 0.07).
Higher allelic diversity at microsatellite loci in white-capped albatrosses as compared 
to shy albatrosses is consistent with earlier mtDNA findings of higher haplotype 
diversity in the former than the latter (Abbott & Double 2003 [Chapter I]). Of the 46 
alleles sampled in white-capped albatrosses, 21 were only sampled in this species 
and the remaining 25 were also sampled in shy albatrosses. I compared the allelic 
frequencies of the species-specific alleles in white-capped albatrosses with the 
frequencies of those that were shared with shy albatrosses for evidence that founder 
effects may have eliminated low frequency alleles in the latter. The mean frequency
Table 2. Matrix of pairwise comparisons of Fst (Wright 1978; above diagonal) and 
Rst (Slatkin 1995; below diagonal) for three shy albatross populations and three 
white-capped albatross populations. Asterisks denote significant values as follows: 
*P < 0.05, **P < 0.01, ***P < 0.001.
Shy albatrosses 
Species Population Albatross Mewstone Pedra
White-capped albatrosses 
S.W. Cape Logan Pt. Disappt.
Shy Albatross — 0.050*** 0.119*** 0.071*** 0.097*** 0.095***
Mewtone -0.001 — 0.108*** 0.053*** 0.114*** 0.095***
Pedra 0.088** 0.086** — 0.060*** 0.095*** 0.084***
White- S.W. Cape 0.079** 0.067** 0.005 __ 0.016* 0.007
capped
Logan Pt. 0.053* 0.033 0.078** 0.027 — 0.012
Disappt. 0.141*** 0.118*** 0.053* -0.007 0.043* —
Table 3. Individual alleles (symbolised by alphabetical characters), number of 
alleles (Na), and number of species-specific alleles for six microsatellite loci in 
white-capped (WC) and shy albatrosses.
Locus Species Alleles Na No. spp. 
specific alleles
Tc2 WC ABCDEFG 1 4
Shy C EF 3 0
Tc65 WC ABCDEFGHIJ 10 6
Shy A GHI K 5 1
Tc9 WC ABCDEFG IJKL 11 6
Shy BCDEF H 6 1
Dc5 WC ABC 3 1
Shy A C 2 0
Dc9 WC ABCDE 5 2
Shy AB E 3 0
De35 WC ABCDEFGHIJ 10 2
Shy ABCD F HIJK 9 1
Totals WC 46 21
Shy 28 3
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of alleles in white-capped albatross that were also found in shy albatrosses (0.20) 
was much higher than the mean frequency of alleles unique to white-capped 
albatrosses (0.04), and this difference was significant (ANOVA, F= 32.7, P <
0.001). Further, the size distribution of alleles at each locus is much more 
continuous in white-capped albatrosses than in shy albatrosses (Table 3).
None of the BOTTLENECK tests for heterozygosity excess was significant. This may 
reflect insufficient statistical power because only six loci were used. A set of fewer 
than 20 polymorphic loci is considered small (Comuet & Luikart 1996) for this 
application, and at least four variable loci are needed for “any possibility of obtaining 
significant (P < 0.05)” results (Piry et al. 1999:502).
Discussion
Using six micro satellite loci, I found strong genetic structuring between shy and 
white-capped albatrosses and strong population differentiation within shy 
albatrosses. Especially high levels of differentiation were associated with the shy 
albatross population on Pedra Branca. Allelic diversity measures indicated lower 
genetic diversity within shy albatrosses than within white-capped albatrosses.
Genetic structure in shy and white-capped albatrosses
High within-species heterozygosity associated with hypervariable markers tends to 
decrease the magnitude of differentiation estimates (Hedrick 1999), hence direct 
comparisons between Fst values derived from mtDNA and nuclear microsatellites 
are inappropriate. However, the consensus on levels of genetic structuring between 
shy and white-capped albatrosses obtained from microsatellites corroborate Abbott & 
Double's (2003 [Chapter I]) findings using mitochondrial control region haplotypes.
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Strong genetic differentiation between the species was indicated by highly significant 
Fst and Fst values, and by allelic patterns showing 24 species-specific alleles. These 
results resolutely suggest against contemporary gene flow between shy and white- 
capped albatrosses, and thereby confirm the demographic isolation of the two 
species.
Within-species patterns of genetic structuring were highly discrepant between shy 
and white-capped albatrosses. For shy albatrosses, AMOVA results showed a 
reasonably large and highly significant component of total variation residing among 
populations, and most Fst and Fst estimates between pairs of populations were 
highly significant. In essence the scenario was reversed for white-capped 
albatrosses. Although amova attributed a small but significant component of total 
variation to among population variance, Fst and Fst estimates between pairs of 
white-capped albatross populations were mostly non significant. Thus it appears that 
while there is sufficient gene flow among white-capped albatross populations to 
prevent differentiation, gene flow among shy albatross populations is clearly limited.
I found the shy albatross population at Pedra Branca to be anomalous. Pedra Branca 
is less divergent from white-capped albatross populations than are the other shy 
albatross populations, and levels of divergence between Pedra Branca and both 
Albatross Island and Mewstone are notably higher than those between the latter two. 
There are two possible explanations for this. First, shy albatrosses at Pedra Branca 
may have a closer relationship to white-capped albatrosses than those breeding 
elsewhere, perhaps due to more recent colonisation or migration. Alternatively, the 
pattern could simply be a consequence of random genetic drift. Many factors 
implicate the latter scenario. First, the number of albatrosses breeding on Pedra 
Branca is relatively small which makes it more susceptible to genetic drift, and the 
island is densely occupied by a rapidly increasing population of Australasian gannets 
{Morus serrator; Bunce et al. 2002) such that inward migration of albatrosses seems
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unlikely. Second, the frequencies of individual alleles at Pedra Branca are erratic 
with respect to whether they are more similar to those found in white-capped 
albatrosses or to those of other shy albatrosses, and for a few alleles are highly 
discrepant from both (data not shown), which may be suggestive of greater effects of 
drift. Further, the presence/absence patterns of alleles at Pedra Branca are highly 
consistent with those of the other two shy albatross populations and therefore do not 
implicate different patterns of contemporary or historical genetic exchange between 
Pedra Branca and white-capped albatrosses.
Inferences about dispersal
There is a small but growing body of evidence that dispersal among albatross 
populations is not demographically negligible. For example, the wandering albatross 
(Diomedea exulans) was recently reported to have metapopulation dynamics such 
that the level of juvenile dispersal among populations was sufficient to influence 
population dynamics at geographically distant breeding islands (Inchausti & 
Weimerskirch 2002). Similarly, as outlined earlier, five grey-headed albatross 
populations with a circumpolar distribution around Antarctica were described as 
genetically panmictic (Burg & Croxall 2001), thereby suggesting consequential 
levels of inter-island migration.
Results presented here imply the possibility of isolation by distance within shy and 
white-capped albatrosses. The white-capped albatross populations at the Auckland 
Islands are relatively close to one another geographically and are exchanging enough 
migrants to prevent the accumulation of genetic differences among them. In 
contrast, migration is presumably much rarer among the genetically distinct shy 
albatross populations, which are more distantly located from one another except for 
Mewstone and Pedra Branca. However as mentioned earlier, the genetic isolation of 
Pedra Branca may be augmented by other factors. Insight into the possibility of
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isolation by distance would be gained by investigating the genetic relationship 
between white-capped albatrosses at the Auckland Islands and those found about 
1200 km away at Bollons Island, which were not sampled here. A general trend of 
isolation by distance was found between two distinct groups of wandering albatross 
species (Diomedea exulans, D. gibsoni, and D. antipodensis) based on mtDNA 
sequences (Burg 2000). Two distinct groups were found: those from the Atlantic or 
Indian Oceans and those from New Zealand. Sequence divergence within groups 
was 1.8% and 1.0% respectively, and that between groups was 5.2%.
Conservation implications
The concept of targeting conservation priorities below taxonomic levels to preserve 
diversity within species is well accepted, and lead to the emergence of operational 
units for conservation called ‘evolutionary significant units’ (ESUs). However the 
definition of an ESU is hotly debated (e.g. Crandall et al. 2000; Dimmick et al. 1999; 
Moritz 1999; Paetkau 1999b; Pennock & Dimmick 1997; Vogler & Desalle 1994; 
Waples 1998), largely due to discordant species concepts underlying ESU definitions 
(Fraser & Bernatchez 2001). There are also practical difficulties associated with the 
implementation of any one ESU concept because varying circumstances influence 
their efficacy given their inherent strengths and weaknesses (examples in Fraser & 
Bernatchez 2001). Fraser and Bernatchez (2001) recommend flexibility around 
designating ESU status and support a unifying conceptual framework o f ‘adaptive 
evolutionary conservation’ (AEC) to mitigate these difficulties, under the premise 
that ESU concepts are not fundamentally irreconcilable. The general definition of an 
ESU under AEC is “a lineage demonstrating highly restricted gene flow from other 
such lineages”, and is satisfied by any criteria that signal lineage sorting through 
highly reduced gene flow (Fraser & Bernatchez 2001).
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According to this ESU definition, the fixed difference in mtDNA between shy and 
white-capped albatrosses and the highly divergent patterns of allele frequencies at 
microsatellite loci clearly confirm separate ESU status for each species. Information 
on ecological differences between the species is generally unavailable -  while they 
breed asynchronously [their breeding seasons start about two months apart 
(Robertson & Nunn 1998)], whether this is a heritable trait representing an adaptive 
change or an environmentally based difference is unknown. Genetic data do not 
reject the null hypothesis that the three white-capped albatross breeding sites at the 
Auckland Islands represent a single population, however as recommended by Taylor 
and Dizon (1996), given the absence of demographic information about population 
dynamics in this species I refrain from declaring them a homogeneous group. In 
contrast, although all shy albatross populations appear to belong to a single 
evolutionary lineage, and thereby are not ESUs under the AEC definition, sufficient 
divergence was found to reject the hypothesis that they should be considered 
genetically equivalent for conservation. It may be useful to consider them 
management units (MU), a term introduced by Moritz (1994) to define “shallow” 
population genetic subdivisions that are the most logical units for population 
monitoring.
Inferences about speciation processes
I compared levels of genetic diversity between shy and white-capped albatrosses to 
assess the mtDNA hypothesis that shy albatrosses were founded by white-capped 
albatrosses (Abbott & Double 2003 [Chapter I]). A significant reduction in effective 
population size is expected to correspond to a reduction in allele number and 
heterozygosity at variable loci (Chakraborty & Nei 1977; Nei et al. 1975). Allelic 
diversity is thought to be a more sensitive indicator of a bottleneck because low 
frequency alleles from a source population are easily eliminated in a small founded 
population by random genetic drift (Nei et al. 1975). These predictions have been
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supported empirically, with low genetic diversity attributed to bottlenecks and/or 
founder events in several species (e.g. Bouzat et al. 1998; Comstock et al. 2002; 
Hoelzel et al. 1993; Houlden et al. 1996; O'Brien et al. 1987; Taylor et al. 1994).
My finding of lower genetic diversity in shy albatrosses than white-capped 
albatrosses, and supporting allele frequency data, uphold the hypothesis suggested by 
Abbott & Double (2003 [Chapter I]) that shy albatrosses were founded by a small 
number of white-capped albatrosses. Allelic diversity and heterozygosity are both 
lower in shy albatrosses than white-capped albatrosses, though only the first is 
statistically significant. With few exceptions, shy albatross alleles represent a subset 
of total alleles found in white-capped albatrosses at each locus, with low frequency 
alleles in white-capped albatrosses less likely to be observed in shy albatrosses than 
higher frequency alleles. It is likely that some low frequency alleles in white-capped 
albatrosses were not represented in the founding genotypes, and others were 
eliminated post-colonisation by genetic drift. The three alleles unique to shy 
albatrosses had low frequencies (from 0.021 to 0.087), and may reflect new 
mutations in shy albatrosses or may be present but undetected in white-capped 
albatrosses and therefore represent sampling artefacts.
Bottleneck effects are most drastic when the founding population size is very small 
and diminish rapidly as bottleneck severity lessens (Nei et al. 1975). Clegg et al. 
(2002) estimated that island populations of silvereyes (Zosterops lateralis) were 
founded by flocks of about 100 individuals, which was sufficiently large to prevent 
severe founder effects. The readily perceptible genetic signature of a population 
bottleneck in shy albatrosses suggests that they were colonised by a small number of 
individuals, which is the most plausible scenario for albatrosses for other reasons.
As discussed earlier, most individual albatrosses breed in their natal colony which 
leaves few dispersing individuals available to act as founders. Further, mindful that 
some small populations of albatrosses are remnants after population decline, there
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are several island populations with one to five breeding pairs (Gales 1998) that may 
represent recent colonisation events. Small populations are highly prone to 
extinction due to stochastic effects, thus most of these colonisation attempts are 
expected to fail.
My results are concordant with earlier mtDNA results (Abbott & Double 2003 
[Chapter I]) indicating the absence of contemporary intermigration between shy and 
white-capped albatrosses and thus confirms their demographic independence. 
Dispersal events appear sufficiently rare in shy albatrosses to allow genetic 
divergence among populations, and sufficiently common in white-capped albatrosses 
to prevent it. This pattern of genetic structuring formed the basis for the 
recommendation that the three white-capped albatross populations (as a whole) and 
each shy albatross population be treated as separate units for conservation. Results 
presented here uphold the hypothesis that shy albatrosses arose through range 
expansion by white-capped albatrosses (Abbott & Double 2003 [Chapter I]). 
Together these studies provide the first molecular evidence of a colonisation event 
that lead to a speciation event in albatrosses.
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Abstract
Shy and white-capped albatrosses, Thalassarche cauta and T. steadi respectively, are 
phenotypically similar and are both thought to be suffering severe fisheries-related 
bycatch mortality in Australian, New Zealand, and South African waters. 
Assessments of the extent or scale of impact of bycatch mortality on these species 
have previously been precluded by difficulties identifying bycatch carcasses to 
species level. In this study a fast and simple molecular test based on a single 
nucleotide polymorphism in mtDNA of shy and white-capped albatrosses was used 
to determine the species composition of fisheries bycatch carcasses recovered from 
these regions. The accuracy of this test was found to be 98%, as evaluated using a 
more rigorous microsatellite-based method of provenance assignment. The only area 
where bycatch mortality of both species co-occurred was in Tasmanian waters. In all 
other zones the bycatch was exclusively comprised of white-capped albatrosses. 
Genotypic provenance assignment testing correctly assigned 72% of shy albatrosses 
to their population of origin. These data are the first to provide insight into the 
relative vulnerability of shy and white-capped albatrosses to bycatch mortality across 
a spatial scale, and to establish the vast differences in their at-sea distributions.
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Introduction
Albatross mortality arising from incidental interactions with fisheries is occurring on 
a global scale and is thought to affect a large proportion of species (Croxall et al. 
1998; Gales 1998; Inchausti & Weimerskirch 2001; Nel et al. 2002a; Prince et al. 
1998; Prince et al. 1994; Weimerskirch et al. 1997). Data collected by government 
observers aboard fishing vessels were instrumental in the initial discovery of the 
magnitude of the problem in the early 1990s (Brothers 1991; Murray et al. 1993) and 
since then have continued to provide estimates of by catch rates (Gales et al. 1998; 
Klaer & Polacheck 1997; Nel et al. 2002b; Robertson et al. 2003; Ryan et al. 2002). 
However, phenotypic similarity amongst many albatross species and damage to some 
bycatch carcasses combine to make accurate identification of bycatch birds 
problematic. Species-specific bycatch information is lacking for species that are 
difficult to separate using morphometric characteristics. Further, population level 
differences in dispersal and migration patterns (e.g. Brothers et al. 1997) may cause 
variation in the susceptibility of individuals within species to by catch mortality, and 
yet population-specific bycatch estimates have not been established for any 
albatrosses. This information is essential to investigate the impact of fisheries by- 
catch mortality on individual albatross species.
Shy and white-capped albatrosses, Thalassarche cauta and T. steadi respectively, are 
very closely-related taxa (Abbott & Double 2003a [Chapter II]) that are 
phenotypically similar (Double et al. 2003), hence are collectively referred to in this 
paper as ‘shy-type’ albatrosses. Shy albatrosses breed exclusively on three islands 
near Tasmania, Australia, which are roughly 1800 km from the three main breeding 
sites of white-capped albatrosses within the Auckland Islands group in New 
Zealand’s subantarctic (Figure 1). Their global population sizes are estimated at 
12000 and 75000 breeding pairs respectively (Gales 1998). Both species are 
considered vulnerable under the IUCN criteria (Croxall & Gales 1998) and are prone
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to fisheries-related by catch mortality in waters off Australia (Brothers 1991; Gales et 
al. 1998), New Zealand (Murray et al. 1993; Robertson et al. 2003), and South 
Africa (Ryan et al. 2002). Estimates of longlining bycatch from pelagic tuna 
fisheries in Australian waters in 1992 indicate that shy-type albatrosses were caught 
in the greatest numbers, comprising 49% of the total albatross catch (Klaer & 
Polacheck 1997). Similarly, the abundance of shy-type albatrosses killed by tuna 
longliners in South African waters from 1998-2000 was higher than that of any other 
albatross species (Ryan et al. 2002). In New Zealand, more shy-type albatrosses 
were killed by interactions with the squid trawl fishery between 1996 and 2001 than 
any other seabird (Robertson et al. 2003).
Assessments of the extent or scale of impact of bycatch mortality7 on each species 
have previously been precluded by difficulties identifying bycatch shy-type albatross 
carcasses to species level. Species-specific bycatch predictions cannot be made 
based on catch location data because the extent of foraging range overlap between 
shy and white-capped albatrosses is poorly known. While a discriminant function 
analysis using three morphological measurements can separate shy and white-capped 
albatrosses with up to 89% accuracy (Double et al. 2003), species identification is 
hindered because carcasses are often incomplete or in poor condition. Importantly, 
the recent recommendation that shy and white-capped albatrosses be considered 
separate Evolutionarily Significant Units for conservation purposes (Abbott & 
Double 2003a [Chapter II]) makes species-specific bycatch information especially 
critical. This recommendation was based on strong levels of genetic differentiation 
between the two species detected using both nuclear microsatellite markers (Abbott 
& Double 2003a [Chapter II]) and mitochondrial control region haplotypes (Abbott 
& Double 2003b [Chapter I]).
In contrast to morphologically-based methods of species identification, molecular 
methods can be time- and cost-effective and bear the logistical advantage of not
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being dependent on the recovery of whole, undamaged bycatch carcasses. They have 
been widely used for the rapid identification of morphologically similar species (e.g. 
Dalebout et al. 1998; Greig et al. 2002; Shivji et al. 2002). Although to my 
knowledge genetic methods have not previously been used to identify albatross 
bycatch carcasses, they could assist substantially in the correct identification of many 
phenotypically similar species for which morphological species identification is 
highly error-prone. A molecular method of separating shy and white-capped 
albatrosses was recently developed by Abbott & Double (2003b [Chapter I]) that 
now provides a simple option for identifying shy-type albatross bycatch birds to 
species level.
Shy albatrosses are very well studied relative to most other seabirds due to a long­
term demographic study that has been underway for over 20 years (Baker et al.
2002). Information is available on their foraging behaviour (Hedd & Gales 2001; 
Hedd et al. 1997), at-sea distribution (Brothers et al. 1998; Brothers et al. 1997;
Hedd et al. 2001), and breeding biology (Gales 1993). Fisheries observer programs 
have also provided vital preliminary data on spatial and temporal variation of catch 
rates for shy albatrosses in Australia (Gales et al. 1998; Klaer & Polacheck 1997), 
although the lack of information on the population of origin of bycatch birds has 
precluded assessments of the potential impact on individual populations. This 
information is critical, as satellite telemetry data indicate differences in the foraging 
zones of the three island populations of shy albatrosses (Brothers et al. 1998), so by- 
catch mortality could affect populations differently. Further, genetic differences 
among their three populations have been found, so individual island populations have 
been recommended as the most logical units for population monitoring (Abbott & 
Double 2003a [Chapter II]). in contrast to this, the three white-capped albatross 
populations at the Auckland Islands were not found to be genetically divergent, a 
difference that may reflect isolation by distance as the white-capped albatross 
populations are located much more closely to one another than are shy albatross
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populations (Abbott & Double 2003a [Chapter II]). Little else is known about white- 
capped albatrosses, including their breeding biology, population demographics, and 
at-sea distribution.
The main aim of this study was to use a molecular test to determine the species 
composition of bycatch shy-type albatross carcasses recovered from fishing vessels 
in Australian, New Zealand, and South African Exclusive Economic Zones, as these 
zones encompass all continental shelf regions thought to be regularly visited by these 
species. These data were subsequently used to identify geographic regions of 
relatively high risk of mortality for each species, and to establish whether there were 
age- or sex- ratio biases among bycatch birds for each species in each geographic 
zone. Results presented here provide valuable information about the relative 
vulnerability of shy and white-capped albatrosses to bycatch mortality across a 
spatial scale. Further, they provide novel information about the at-sea distributions 
of both species and enable the first evaluation of the extent of foraging range overlap 
between them. The secondary aim of this study was to obtain population-specific 
bycatch data for shy albatrosses using a genotype-based method of assigning 
provenance to bycatch birds. Ultimately these data may substantially assist the 
development of effective conservation strategies for both species, and will highlight 
the potential contribution of molecular markers to the species identification and 
provenance assignment of seabirds killed by fisheries activity.
Methods
Sample collection at breeding colonies
Known-provenance DNA samples were obtained by taking blood from nestlings at 
shy and white-capped albatross breeding colonies, which are located near Tasmania,
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Australia, and in New Zealand’s subantarctic respectively. The population sizes and 
relative locations of breeding sites, with the number of nestlings sampled indicated in 
parentheses, are as follows. Shy albatross populations at Mewstone (n = 23) and 
Pedra Branca (n = 20) are separated by about 50 km and have c. 7000 and c. 250 
breeding pairs respectively (Brothers et al. 1998). Approximately 420 km away is a 
shy albatross population on Albatross Island (n = 24) with c. 5000 pairs (Brothers et 
al. 1998). The three white-capped albatross breeding sites in the Auckland Islands 
are located within approximately 30 km of each other (population sizes taken from 
Gales 1998): c. 72000 pairs on Disappointment Island (n = 24); c. 3000 pairs at 
Southwest Cape, Auckland Island (n = 23); and c. 100 pairs at Logan Point, Adams 
Island (n = 23). Samples from the small population (n = 50-100 pairs) of white- 
capped albatrosses located within the Antipodes Island group were not obtained. All 
samples from each site were collected during the same breeding season, and since 
both species lay only one egg per year there was no possibility of sampling siblings.
I also purposely sampled chicks that were distributed as evenly throughout the 
colony as possible to reduce the probability of sampling related individuals at 
adjacent nests.
Sample collection at sea: bycatch and live birds
Tissue samples were obtained from shy-type albatrosses killed by interactions with 
various fisheries (Table 1) in Australian, New Zealand, and South African waters 
(Figure 1). Specific catch date and location information were available for most 
samples. All bycatch birds collected from New Zealand and South Africa were 
caught within the Exclusive Economic Zones (EEZ) of these countries, which 
includes all waters within 200 nautical miles of the coast. Most (97%, n = 100) 
by catch birds collected from Australia were caught within Australia’s EEZ, the 
exceptions being three birds caught in waters bordering this zone off Western 
Australia. Shy-type albatrosses are known to occur in high numbers in each of the
Table 1. Fisheries bycatch shy-type albatrosses recovered from New Zealand, South 
African, Tasmanian, Western Australian, and Eastern Australian waters that were 
analysed in this study. Total number of samples, the fishery they were caught by, 
and when they were collected are indicated.
Area Fishery Years sampled n Samples
New Zealand Squid Trawl 2000-2001 67
Fish Trawl 1999-2001 10
Tuna Longline 2000 3
South Africa Tuna Longline 1999-2002 24
Tasmania Tuna Longline 1988-2000 93
West Australia Tuna Longline 1992-1996 6
East Australia Tuna Longline 1991 1
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sampled fishing zones, and are essentially absent from the Patagonian Shelf (Croxall 
& Wood 2002) and Humboldt Current regions off South America (Steve Howell & 
Larry Spear, pers. comm.) that are heavily exploited by other albatross species.
Hence I believe my sampling is generally inclusive of all continental shelf regions 
regularly visited by these species. Further, although these data are not known for 
white-capped albatrosses, shy albatrosses are thought to be exclusively neritic 
feeders (Hedd et al. 2001) and are therefore not predicted to interact heavily with 
fishing vessels operating on the high seas.
Blood samples were also obtained from 18 live shy-type albatrosses caught (and 
subsequently released) over shelf waters off East Australia (35°S) between 1994 and 
2000. This region was not well represented in the bycatch samples due to low 
fishing effort during the sampling period, however shy-type albatrosses are known to 
occur regularly there. Also included were tissue samples from four shy-type 
albatrosses that washed up on Fraser Island, Queensland (25°S) between 1995 and 
2002 .
Samples collected from Australian waters were stratified into one of three discrete 
geographic regions (Figure 1). The Western Australian region was comprised of six 
bycatch specimens caught between 30 -  40°S and 100 -  115°E, the Tasmanian 
region was comprised of 93 bycatch specimens caught between 39 -  44.5°S and 143 
-  151 °E, and the East Australian region was comprised of one bycatch specimen 
(caught at 36°S, 151°E) and 23 live-caught or washed up specimens as previously 
described.
Molecular species identification using mtDNA
Molecular species identification was performed using a simple, PCR and restriction 
digest based, single nucleotide polymorphism (SNP) test as described by Abbott &
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Double (2003b [Chapter I]). The test is based on a nucleotide substitution in Domain 
I of the mitochondrial control region of shy and white-capped albatrosses.
Species identification and provenance assignment using microsatellites
A microsatellite based provenance assignment test was used to evaluate the accuracy 
of the mtDNA SNP test in separating shy and white-capped albatrosses. It was also 
attempted to identify the island of origin of bycatch shy albatrosses, as unlike white- 
capped albatrosses, their populations are genetically differentiated (Abbott & Double 
2003a [Chapter II]). All known-origin shy and white-capped albatrosses were 
genotyped at six, previously-described, microsatellite markers (Abbott & Double 
2003a [Chapter II]), as were all bycatch samples identified as shy albatrosses using 
the mtDNA SNP test. Assignment testing followed the Bayesian approach of 
Rannala and Mountain (1997) as implemented in GENECLASS 1.0.02 (Cornuet et al.
1999), whereby allele frequencies were used to calculate the likelihood of an 
individual’s genotype occurring in each potential source population. Direct 
assignment and exclusion methods were employed. The direct assignment method 
assigned the individual to the population where its likelihood of belonging was 
highest. The exclusion method randomly generated simulated populations of 10 000 
individuals for each source population based on sampled allele frequencies. The 
probability of belonging to each potential population was then calculated by 
comparing an individual’s assignment likelihood to the distribution of assignment 
likelihoods of simulated individuals in each population. Individuals were assigned to 
all populations for which their probability of belonging to those populations 
exceeded 5%. Self-assignment of known-origin individuals was used to evaluate the 
performance of the tests before they were applied to bycatch birds. The ‘leave one 
out’ option was activated in self-assignments to avoid introducing bias associated 
with including the genotype of the individual to be assigned in estimating its source 
population’s allele frequencies.
Chapter III: Molecular analysis o f shy-type albatross fisheries bycatch 88
Age-class and sex of bycatch birds
Age- and sex- ratios of bycatch birds for each species in each geographic zone were 
recorded. The age of birds was classified as either adult (i.e. breeding age) or sub­
adult as this distinction is clear based on bill colouration, as described in Double et 
al. (2003). Sexes were determined by autopsy or by molecular sexing. For the latter, 
a 260 bp region on each sex chromosome was PCR amplified using primers P2 and 
P3 from Griffiths & Tiwari (1995). PCR reactions were 10 pi in volume and 
contained 50-100 ng of genomic DNA, 200 pM dNTP, 2 pmol of each primer, 3.2 
rnM MgCC, and 0.5 U of AmpliTaq DNA Polymerase (Applied Biosystems) in lx 
Opti-Prime PCR buffer (Strategene). PCR cycles were 3 min at 94 °C; 35 cycles of 
25 s at 94 °C, 25 s at 55 °C, and 25 s at 72 °C; and one final cycle of 3 min at 72 
°C. PCR products were digested with 2U of HaeIII, and run through a 3% agarose 
gel. Three-band and two-band patterns were generated for females and males 
respectively.
Results
Accuracy of mtDNA SNP test and genotypic assignment for species 
identification
The direct assignment method was highly effective at separating shy and white- 
capped albatrosses: 98% (134/137) of known-origin birds sampled at their breeding 
colonies were correctly identified to species level during self-assignment. The three 
incorrect assignments were all white-capped albatrosses misidentified as shy 
albatrosses.
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A total of 64 bycatch birds were identified as shy albatrosses by the mtDNA SNP test 
and were then used for genotypic assignment testing. Using the exclusion method, 
three of these unexpectedly generated assignment probabilities less than 0.0001 for 
all shy albatross populations, and each were subsequently found to have between two 
and four alleles specific to white-capped albatrosses (see Abbott & Double 2003a 
[Chapter II]). Hence these samples were re-classified as white-capped albatrosses. 
When this result is considered together with the 60 known-origin shy and white- 
capped albatross samples that were all identified correctly by the SNP test in an early 
study (Abbott & Double 2003b [Chapter I]), the accuracy of the test is estimated as 
98% (121/124). The most credible explanation for the few misclassifications is that 
the ‘diagnostic’ site used in the SNP test to discriminate between the two species is 
not 100% fixed in white-capped albatrosses, as mtDNA haplotype diversity is much 
higher in white-capped albatrosses than in shy albatrosses (Abbott & Double 2003b 
[Chapter I]).
Species composition of shy-type albatross bycatch
After correcting the species classification of the three bycatch white-capped 
albatrosses that had been misidentified as shy albatrosses by the mtDNA SNP test 
(described above), of 204 bycatch shy-type albatrosses sampled from Australian,
New Zealand, and South African fishing zones, 70% (143 of 204) were identified as 
white-capped albatrosses and 30% (61 of 204) were identified as shy albatrosses.
The species composition of shy-type albatross samples obtained from New Zealand, 
South African, Tasmanian, Western Australian, and East Australian waters is shown 
in Figure 2. Bycatch mortality of shy albatrosses only occurred in Tasmanian waters, 
where this species comprised 66% (n =  93) of total shy-type albatross bycatch. 
White-capped albatrosses were killed in all areas, comprising 100% of the bycatch
*  =  80 * = 93 *  =  6 *  =  20 * = 23
Geographie Region
Figure 2. Species composition of shy-type albatrosses sampled from New Zealand, 
Tasmania, Western Australia, South Africa, and East Australia. The global species 
composition based on the number of breeding pairs of each species is given for 
comparative purposes. * All samples are bycatch birds except for the sample from 
East Australia, where only one is a known bycatch bird.
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from New Zealand {n = 80), South Africa (n = 24) and West Australia (n = 6), and 
34% (n = 93) of the bycatch caught off Tasmania.
The age-class composition and the monthly distributions of catch date for bycatch 
shy and white-capped albatrosses sampled across geographic regions are shown in 
Table 2. Shy albatrosses were caught in Tasmania during most months of the year 
and were biased towards adults (47 adults, 14 sub-adults; %2: 17.9; df: 1 \ p<  0.001). 
White-capped albatrosses caught in New Zealand were virtually all adults (78 adults, 
2 sub-adults; % : 72.2; df: 1; p < 0.001) and were caught during eight months of the 
year, with the vast majority caught from January to March, which is a time when the 
squid trawl fishery is known to catch large numbers of this species (Robertson et al. 
2003). White-capped albatrosses were caught in Tasmania over eight calendar 
months and exhibited no age bias (12 adults, 20 sub-adults; %2’ 2.0; df: 1 ;p = 0.16). 
The predominantly non-bycatch white-capped albatrosses sampled off East Australia 
were all caught between June and October and were comprised of approximately 
equal proportions of adults and sub-adults (8 adults, 11 sub-adults; x2- 0.5; df: 1 ;p = 
0.49). All six white-capped albatrosses caught off Western Australia and all four shy 
albatrosses sampled off East Australia were sub-adults caught between June and 
August. Carcass-specific age data were not available for birds caught off South 
Africa, but have been recently described for these species in this region by Ryan et 
al. (2002).
A statistically significant sex difference was detected among white-capped 
albatrosses caught in Tasmania (10 males, 22 females; f 2: 4.5; df: 1 \p<  0.05), but 
not for those caught in New Zealand (43 males, 37 females; x : 0.5; df: 1 ;p = 0.50) 
or South Africa (11 males, 13 females; f 2: 0.2; df: 1 \p — 0.68). When total bycatch 
across geographic zones was considered, sex-ratio biases were not evident for shy 
(24 males, 37 females; yf\ 2.8; df: \ ;p = 0.1) or white-capped (67 males, 75 females; 
X2: 0.5; df: 1 \p — 0.50) albatrosses.
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Provenance assignment of bycatch shy albatrosses
A full summary of results of genotypic assignment testing for shy albatrosses is 
presented in Table 3. Of 67 known-origin shy albatrosses self-assigned to their three 
potential source populations using the direct assignment method, 72% were correctly 
assigned. Using the exclusion method 15 (22%) were assigned to a single 
population, 11 (73%) of which were assigned correctly. Subsequent provenance 
assignment of 61 bycatch shy albatrosses using the direct method assigned 36 birds 
to Mewstone, 15 to Pedra Branca, and 10 to Albatross Island. The exclusion method 
assigned 13 of the 61 bycatch birds to a single population: 12 to Mewstone and one 
to Pedra Branca.
Discussion
Earlier studies have shown strong levels of genetic differentiation between shy and 
white-capped albatrosses using both nuclear microsatellite markers (Abbott &
Double 2003a [Chapter II]) and mitochondrial control region haplotypes (Abbott & 
Double 2003b [Chapter I]). The present study indicates that an mtDNA SNP test and 
a genotypic assignment test are both highly effective at separating shy and white- 
capped albatrosses, and thereby provides further evidence of the unequivocal genetic 
distinctiveness of these species. Species-specific information on the at-sea 
distribution of these species and their relative vulnerability to bycatch mortality 
across a spatial scale is established here. In addition, partial success is achieved in 
developing a genotypic assignment test to identify the provenance of shy albatrosses.
Table 3. Results of genotypic provenance assignment testing for known-origin and 
bycatch shy albatrosses using direct and exclusion assignment methods. Numbers of 
correctly assigned birds during self-assignment are highlighted in bold.
Assignment method Population n n unambiguously assigned to: 
Albatross Mewstone Pedra
Direct
1. Self-assignment Albatross I. 24 16 6 2
Mewstone 23 5 16 2
Pedra 20 1 1 18
2. By catch unknown 61 10 36 15
Exclusion (p > 0.05)
1. Self-assignment Albatross I. 24 5 2 0
Mewstone 23 0 5 0
Pedra 20 1 1 1
2. Bycatch unknown 61 0 12 1
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Inferences about the at-sea distributions of shy and white-capped albatrosses
Bycatch data can be used to confirm the presence of shy and white-capped 
albatrosses within a certain fishing zone and time frame, and to infer the relative 
degree to which different sexes and age-classes are being caught. However, because 
they are confounded by variation in the spatial and temporal distributions of fishing 
effort, observer coverage, and the at-sea distribution of the birds, and by whether any 
particular groups of birds are ‘easier’ to catch than others, they cannot be used to 
infer the absence of, or variation in, species abundance or to identify factors causing 
age or sex-related biases. Nonetheless, results presented here conclusively indicate 
vastly different at-sea distributions for shy and white-capped albatrosses.
Shy albatrosses were detected in Tasmanian and East Australian waters only. Adult 
shy albatrosses were detected exclusively in their ‘local’ waters around Tasmania, 
whereas sub-adults were detected in both Tasmanian and East Australia. These 
findings corroborate the current notion that adult shy albatrosses rely heavily, or 
perhaps even exclusively, on food resources close to their breeding colonies once 
they reach breeding age (Brothers et al. 1998). Studies using band recoveries, colour 
marking, and satellite telemetry found adult shy albatrosses to occur only in 
Tasmanian and nearby waters off Southern and Eastern Australia throughout the 
entire annual cycle (Brothers et al. 1998; Brothers et al. 1997; Hedd et al. 2001). In 
contrast to this, and despite absence of detection in the present study, banded sub­
adult shy albatrosses have been recovered to at least some extent in all of the zones 
studied here (Brothers et al. 1997). Of 131 band recoveries of sub-adult shy 
albatrosses, 81 were recovered off Tasmania/Victoria, 23 off South Australia, nine 
off Western Australia, nine off New South Wales, eight off South Africa, and one off 
New Zealand (Brothers et al. 1997). That sub-adult shy albatrosses were not found 
further afield than East Australia in this study is presumably a reflection of the vastly 
greater abundance of white-capped albatrosses in these regions and correspondingly
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insufficient sample sizes to detect them. However, because systematic collection of 
bycatch carcasses across a wide geographic range is logistically very difficult, the 
sampling done in this study is unlikely to be improved upon. Importantly, satellite 
telemetry is currently being undertaken to better resolve the at-sea distribution of 
sub-adult shy albatrosses (Birdlife International; http://www.birdlife.net/index.html), 
although small samples sizes are inevitable in such studies.
White-capped albatrosses were present in all zones sampled here. Adult white- 
capped albatrosses were detected in their ‘local’ New Zealand waters during most 
months of the year, but were also found in substantial numbers in Tasmanian and 
East Australian waters. Earlier research indicates that 44% of shy-type albatrosses 
found in South African waters (Ryan et al. 2002) are adults, which are presumably 
white-capped albatrosses based on the species composition data presented here. Sub­
adult white-capped albatrosses were present in large proportions in all sampled 
regions except New Zealand, where they were rarely caught. This may be because 
most by catch samples analysed from New Zealand were obtained from the squid 
trawl fishery that operates when breeding white-capped albatrosses are incubating 
and provisioning chicks (Gales 1998), which may be a time when they limit the 
length and therefore geographic range of their foraging trips. To my knowledge 
there have been no detailed studies on the at-sea distribution of white-capped 
albatrosses.
Vulnerability of shy and white-capped albatrosses to bycatch mortality
The present study is the first to provide much-needed species-specific information on 
fisheries bycatch mortality for shy and white-capped albatrosses. Bycatch white- 
capped albatrosses were found to greatly outnumber bycatch shy albatrosses in all 
sampled areas outside of Tasmania. This finding is consistent with the fact that the 
global population size of white-capped albatrosses is much greater that than for shy
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albatrosses, and is not surprising given that shy-type albatrosses are caught in high 
numbers relative to other albatross species in each sampled area (Gales et al. 1998; 
Robertson et al. 2003; Ryan et al. 2002).
Results presented here depict drastically different degrees of vulnerability to bycatch 
mortality between shy and white-capped albatrosses. The range of adult shy 
albatrosses appears to be confined to waters around Tasmania and south eastern 
Australia, which is where most of an estimated 900 shy-type albatrosses were killed 
by Japanese tuna longliners between 1988 and 1997 (Gales et al. 1998). This is the 
time frame during which most of the samples analysed here were collected (Table 1), 
and my results indicate that the majority (~ 65%) of these birds were shy albatrosses. 
Since then however, tuna pelagic longlining effort in southern Australian (including 
Tasmanian) waters has changed dramatically; Japanese effort within Australian 
waters ceased in 1997 and current domestic effort in eastern Australia is concentrated 
in northern waters where the likelihood of encountering albatrosses is much lower.
In addition, to my knowledge there are no other fisheries operating in Tasmanian 
waters that are known to kill shy-type albatrosses, hence adults of this species do not 
currently appear to be at risk. This is not true for sub-adult shy albatrosses, whose 
wider range (Brothers et al. 1997) likely brings them into contact with other fisheries 
that are known to catch albatrosses (see Tuck et al. 2003).
The vulnerability to fisheries bycatch mortality appears to be much greater for white- 
capped albatrosses (both adult and sub-adult) than for shy albatrosses as they occur 
over a much wider geographic range throughout their lives. While the previously 
described northward shift of pelagic longlining effort in Australian waters currently 
precludes any interaction between this fishery and white-capped albatrosses around 
Tasmania, fishing effort in other relevant fisheries continues to be high in most other 
areas where this species occurs. White-capped albatrosses accounted for all bycatch 
shy-type albatrosses analysed from South African waters, where pelagic longline
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fishing effort increased from 0.23 million hooks in 1998 to almost 1.5 million hooks 
in 2000 (Tuck et al. 2003). Similarly, the squid trawl fishery operating south of New 
Zealand, in which the large majority of white-capped albatross bycatch analysed 
from the New Zealand EEZ were caught, continues to operate annually.
Genotypic provenance assignment testing
In this study, shy albatross bycatch birds sampled from Australian waters were 
predominantly collected during a period when longline fishing effort overlapped to a 
higher extent with the foraging ranges of birds from the two southern populations 
(Mewstone and Pedra Branca) than the northern population (Albatross Island; 
Brothers et al. 1998). Of the southern populations, Mewstone has a much larger 
population size than Pedra Branca, which led to the prediction that Mewstone birds 
were most vulnerable to bycatch mortality (Brothers et al. 1998). Indeed, both 
assignment methods showed Mewstone birds to be suffering more bycatch mortality 
than birds from the other two shy albatross populations. This was despite that an 
overestimate of the number of bycatch birds from Albatross Island and Pedra Branca 
was expected, because neither the northern and therefore less vulnerable location of 
the former, or the small population size of the latter could be factored into the 
assignment tests. Thus genetic analyses of bycatch samples presented here, in 
combination with data on the at-sea distribution of each shy albatross population and 
the distribution of fishing effort, strongly imply that the Mewstone population was 
impacted most severely by fishing mortality off Tasmania at the time sampling 
occurred. Importantly however, as explained earlier, recent changes in the 
geographic distribution of pelagic longlining effort in Australian waters have 
eliminated overlap between this fishery and shy albatrosses.
Several factors affect the accuracy of assignment testing, including the time of 
divergence of populations, the sample size of source populations, and the number of
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loci used (Cornuet et al. 1999). Other studies using genotypic assignment testing 
obtained assignment rates of 60% in polar bears (Ursus maritimus\ Paetkau et al. 
1995), 28-85% (median 61%) across ten taxonomically diverse species (Manel et al. 
2002), 90% in brown trout (Salmo trutta; Hansen et al. 2000) and 93-100% in rock- 
wallabies (Petrogale lateralis; Eldridge et al. 2001). It is likely that divergence time 
is a major factor affecting assignment probabilities in shy albatrosses, as the Fst 
estimate of 0.05 between Albatross Island and Mewstone (Abbott & Double 2003a 
[Chapter II]), which is where approximately 98% of shy albatrosses breed, may be 
insufficient to obtain greater assignment rates. Divergence time is known to highly 
influence false-inclusion errors, which were prevalent here (data not shown), and are 
characterised by at least one incorrect population being included along with the 
correct population as the possible source population (Cornuet et al. 1999). Despite 
this, it may be possible to improve the performance of provenance assignment for 
shy albatrosses by increasing the source population sample sizes and the number of 
loci used (Cornuet et al. 1999).
Further studies are needed to better understand the conservation implications of 
fisheries bycatch mortality on shy and white-capped albatrosses. These include 
research into current levels of fishing effort in all major fisheries known to kill shy- 
type albatrosses in each region. Behavioural and demographic data on scarcely 
studied white-capped albatrosses are also urgently needed. Knowledge of temporal 
and spatial variation in their at-sea distribution would help identify seasons and/or 
geographic regions of particularly high risk of fisheries-related mortality, and 
information on the status of white-capped albatross populations and their breeding 
biology, including confirmation of whether they are annual or biennial breeders, will 
greatly assist population viability assessments for this species.
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Abstract
Genetic data on the mating systems of several procellariiform seabirds have recently 
become available but behavioural data for these species are rarely obtained. I 
investigated the mating system of shy albatrosses (Thaiass arc he cauta) by 
combining genetic paternity analysis with observations during the pre-laying period. 
My main aims were to describe the copulatory behaviour of this species and identify 
how males achieve within-pair and extra-pair paternity. The vast majority of 
copulations occurred on the nest, were unforced, and were within-pair. Females 
controlled the success of copulations and were observed soliciting extra-pair matings. 
Within-pair and extra-pair copulations were behaviourally similar. A low frequency 
(7-10%) of extra-pair paternity was detected despite male use of frequent copulation 
as a paternity guard. The pre-laying foraging exodus of female shy albatrosses 
differed from that in other albatrosses: it was short in length and within-pair 
copulations occurred after the female’s return two days prior to laying. This may 
reflect the close proximity of feeding grounds and the breeding colony.
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Introduction
Prior to the current ready availability of molecular methods of assessing paternity in 
vertebrate mating systems it was generally accepted that social monogamy, which 
was observed in the majority of bird species, corresponded to genetic monogamy. It 
has since been discovered however, that fewer than 25% of socially monogamous 
birds exhibit true genetic monogamy as defined by a total absence of extra-pair 
paternity (EPP; Griffith et al. 2002). Paternity thus cannot be inferred from 
observing social behaviour (Griffith et al. 2002).
Both males and females may benefit from extra-pair mating in a number of ways.
For males, it may increase their fitness and their re-mating potential, and insure them 
against infertility in their social mate (Birkhead & Möller 1992). For females, it may 
allow them to gain better genes for their offspring, protect themselves against an 
infertile partner, acquire material benefits, and prevent inbreeding (Birkhead & 
Möller 1992). However, females that are long-lived and rely most heavily on 
paternal care of their offspring are expected to be maximally constrained in the 
extent to which they can enjoy these benefits without suffering losses of reproductive 
success caused by retaliatory desertion by their social mates (Mauck et al. 1999; 
Möller 2000). Therefore genetically monogamous mating systems remain a 
reasonable expectation for extremely long-lived taxa in which male parental care is 
vital, such as procellariiform seabirds. Intriguingly however, while 0% EPP has been 
confirmed in some Procellariiformes, including northern fulmars (Fulmarus 
glacialis\ Hunter et al. 1992), Cory’s shearwater (Calonectris diomedea\ Swatschek 
et al. 1994), Leach’s storm-petrel (Oceanodroma leucorhoa; Mauck et al. 1995), and 
Wilson’s storm-petrel (Oceanites oceanicus; Quillfeldt et al. 2001), EPP has been 
detected in others, including: short-tailed shearwater (Puffinus tenuirostris\ 9-13% 
EPP; Austin & Parkin 1996), waved albatross (Phoebastria irrorata; 25% EPP; 
Huyvaert et al. 2000), black-browed albatross (Thalassarche melanophris; up to 8%
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EPP; Burg 2000), grey-headed albatross (Thalassarche chrysostoma; up to 10% EPP; 
Burg 2000), and wandering albatross (Diomedea exulans; up to 17% EPP; Burg 
2000) .
Genetic studies of avian mating systems are most informative when interpreted in the 
context of complementary behavioural data (Gowaty & Gibbs 1993). However, data 
on the reproductive behaviour of procellariiform seabirds are notably lacking, and 
where available are inconsistent with genetic data (Hunter et al. 1992). Many 
species are nocturnal, breed in underground burrows, and inhabit remote oceanic 
islands, which makes them difficult to observe. These hindrances are absent in shy 
albatrosses (Thalassarche cauta). Shy albatrosses are long-lived, socially 
monogamous seabirds that form long-term pair bonds and breed in densely populated 
colonies on three islands near Tasmania, Australia. Females lay a single egg each 
year and biparental care is obligatory, with both sexes heavily involved in nest 
defence, incubation, and chick provisioning. Very little is known about their 
reproductive behaviour and within-pair fidelity.
I investigated the mating system of shy albatrosses by combining pre-laying 
observations with genetic paternity analysis. My main aims were to (1) describe the 
copulatory behaviour of shy albatrosses; (2) elucidate the genetics of their mating 
system; and (3) identify how males achieve within-pair and extra-pair paternity.
Methods
This study investigates the mating system of shy albatrosses breeding at Albatross 
Island (40°23’S, 144°39’E), Tasmania, Australia, which hosts c. 5000 breeding pairs 
(Brothers et al. 1998).
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Observational data
Most shy albatross eggs are laid in September (Gales 1998). I observed pre­
laying/laying behaviours in a study plot of 48 nests from 7 to 21 September 2001, 
and 12 to 21 September 2002. One or two observers made observations from a 
canvas hide that provided an unobstructed view of all study nests. Dawn and dusk 
are periods of high activity in shy albatross colonies (Rosemary Gales, pers. comm.) 
hence the majority of observational data were collected during these times. Of the 15 
days of data collection in 2001, watches were conducted for 7 h 45 min each day 
(0600-0900, 1100-1300, and 1600-1845 AEST) on nine days, for 5 h 45 min each 
day (0600-0900 and 1600-1845) on five days, and for 3 h (0600-0900) on one day.
Of the 10 days of data collection in 2002, watches were conducted for 6 h each day 
(0545-0845 and 1600-1900) on seven days, for 3 h each day (0545-0845) on two 
days, and for 4 h 30 min (0815-1000 and 1600-1845) on one day. Most (94/96) 
breeding birds within the site were marked with a unique combination of two colour 
bands during incubation in 2001. Therefore observations made prior to laying in 
2001 were on unmarked birds, whereas those in 2002 were on marked birds. The sex 
of individual study birds was determined during copulation.
The location, duration, success, number of cloacal contacts, female receptivity, and, 
where possible, whether it was within- or extra-pair were recorded for each 
copulation attempt observed, as well as whether or not it was forced. Copulation 
attempts were considered forced if the female behaved aggressively towards the male 
while he mounted or attempted to mount her.
Colony attendance patterns were investigated by timing the arrivals and departures of 
breeding birds. In addition, whether the nest was left unattended or was attended by 
one or both members of the breeding pair was recorded at 11 times throughout each 
day in 2001.
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The exact date of egg laying was recorded for most study nests, the exceptions being 
eggs that were laid before my arrival to, or after my departure from, the island each 
year. All means are reported ± standard deviation (SD).
Genotyping and parentage analysis
The genetic mating system of shy albatrosses was investigated by blood sampling 
adults and chicks within the study site and assessing parentage using microsatellite 
DNA markers. Adults were sampled during the non-breeding period (June/July) and 
chicks were sampled at their nests either shortly after hatching in December or just 
prior to fledging in April. Sampling a sufficient number of adults was difficult 
because individuals are more flighty during the non-breeding period and are 
therefore harder to capture. Thus as I was interested in investigating paternity in shy 
albatrosses I prioritised sampling the breeding male at each nest and only sampled 
females opportunistically.
Over the two breeding seasons the breeding male and a total of 29 chicks were 
sampled at 21 nests: the data for 8 nests being obtained in successive seasons. These 
individuals were genotyped at an average of 7.25 (± 0.8) polymorphic 
microsatelliteloci, five to six of which were autosomal and up to three of which were 
Z-linked. As males are the homogametic sex in birds, the paternal inheritance of Z- 
linked markers is identical to that of autosomal ones: every offspring carries one 
paternally inherited Z-linked allele. Details on the isolation, PCR primers, 
amplification conditions, and descriptive statistics for autosomal loci are described in 
Abbott & Double (2003 [Chapter II]). Information on the Z-linked loci is available 
on request.
To investigate paternity, autosomal genotypic data were used to identify a group of 
candidate genetic fathers for each chick, which comprised all males without any
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genetic mismatches, using CERVUS 2.0 (Marshall et al. 1998). Z-linked loci were not 
included in this step because the software assumes Hardy-Weinberg equilibrium, 
which is violated in sex-linked loci due to an excess of homozygotes. Then a 
conservative approach was taken to select the most likely father from this subset. If 
the male member of the breeding pair at the sampled nest was in the group of 
candidate fathers, and had no mismatches at Z-linked loci, paternity was assigned to 
him. If the social father was not selected as a candidate father, the genotypic data, 
including Z-linked loci, were checked manually to confirm the presence and 
accuracy of genetic mismatches before this male was excluded. Exclusion 
probabilities based on allele frequencies of autosomal loci were calculated using 
CERVUS 2.0 (Marshall et al 1998).
Over the two seasons I sampled seven breeding females at their nests and a total of 
10 chicks: two chicks across the two seasons at three nests, and one chick across the 
two seasons at four nests. Autosomal genotypes of each mother-chick pair were 
checked manually for any evidence of mismatches.
Results
Observational data were collected for a total of 101 h in 2001 and 50 h in 2002, 
which amounted to daily averages of 6 h 45 min and 5 h in each year, respectively.
A total of 724 copulation attempts, defined as all acts whereby one bird (presumed 
male) mounted or attempted to mount another bird (presumed female), were 
observed. Egg laying dates were recorded for 42 study nests in 2001 and 25 nests in
2002 .
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Copulation behaviour
Prior to copulations the female became seated on the nest if she was not already in 
this position. The male would then mount her and orient himself so that he was 
facing the same direction before lowering his body to rest against her back. Next, the 
male would lower his head and repeatedly tap his bill against the female’s bill, while 
at the same time extending his tail out behind him and swinging it rapidly from side 
to side. During this time the female would deliberately raise her tail so that it came 
into contact with the male’s tail, allowing him to eventually push her tail towards one 
side while bending his tail downwards to bring his cloaca into contact with hers.
Both birds would remain still for a few seconds while cloacal contact occurred and 
presumably sperm was being transferred. Following cloacal contact the female kept 
her tail raised and contracted her cloaca repeatedly, and the male usually dismounted, 
although in rare instances he rested on top of the female for several minutes.
Nest sites were rarely left unattended; one member of the breeding pair typically 
stayed on the nest and defended it against neighbours and passing birds. Before egg 
laying, males attending their nests were regularly seen displaying to passing females 
when their own mate was absent. Once the egg was laid and incubation began this 
behaviour ceased. Passing females tended to move through the colony slowly and 
extend their beaks towards individuals attending their nests (similar to ‘pointing’ 
behaviour described by Pickering & Berrow 2001).
Observed copulations occurred within the colony perimeter, despite that birds were 
commonly seen congregating in regions bordering the colony that were easily visible 
from the hide. The large majority of copulation attempts were unforced (96%, n = 
724) and occurred on the nest (96%, n = 724), with the remainder occurring 
immediately beside the nest. Females controlled the success of copulations through 
their tail position.
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Within-pair copulations
A total of 689 within-pair copulation attempts were observed. Their mean duration, 
measured as the length of time the male spent mounted on the female, was 2 min 02 s 
(± 1.00 min) for successful copulations and 1 min 31 s (± 2.00 min) for unsuccessful 
copulations. Females were usually receptive to their mate: the female raised her tail 
in 76% of all within-pair copulation attempts, 72% of which were successful, 
resulting in one to six cloacal contacts (mean 1.7 ± 1.0) per mount. The female kept 
her tail lowered and was hence responsible for most (85%, n = 191) failed copulation 
attempts, however in 160 (84%) of these the same pair was observed copulating 
successfully at some other time during the same day. Hence, most failed within-pair 
copulation attempts appeared to reflect factors such as poor male positioning or the 
female’s disinterest in copulating repeatedly over a short time frame, as opposed to 
signalling low female receptivity. Remarkably, one copulation was observed while 
an egg was protruding from the female’s cloaca.
Frequency of within-pair copulations and colony attendance patterns
Within-pair copulations occurred regularly prior to egg laying and ceased almost 
immediately after the egg was laid (Figure 1A). Across 12 nests observed from days 
-13 through -1 (with egg laying on day 0) in 2001, a mean of 10.3 (± 3.3) copulations 
per nest were observed. The proportion of pairs seen together at their nest that was 
also seen copulating successfully during egg days -13 to 4 is shown in Figure IB, 
and indicates that prior to egg laying, most pairs (mean 69% ± 20%) copulated if 
they were both present at the nest. Pre-laying copulations were commonly observed 
following the reunion of a breeding pair at their nest after the arrival of th<=* member 
that had been absent (presumably at sea). Again, I investigated this using data on 
nest arrivals at 12 nests observed in 2001 from days -13 through -1. After excluding 
two arrivals that occurred within 5 min of the end of a watch period, I found that a
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Figure 1. (A) Mean number of successful within-pair copulations observed per nest 
on egg days -13 through 4. Numbers beside each data point indicate the total number 
of study nests observed on each day. (B) The proportion of Shy Albatross pairs seen 
together at their nest that was also seen copulating on egg days -13 through 4. 
Numbers beside each data point indicate the number of nests at which a pair was 
seen together on each day. (C) The proportion of Shy Albatross pairs seen together 
at their nest on egg days -13 through 4. Numbers beside each data point indicate the 
total number of study nests observed on each day.
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successful copulation followed 24 out of 32 (75%) nest arrivals, and occurred an 
average of 26 min 42 s (± 30 min 35 s) after the arrival.
Females were generally absent from the colony between egg days -5 and -3, which 
corresponded to a severe drop in pair attendance and within-pair copulation 
frequency (Figures 1C and IB). Females almost invariably returned to the nest on 
day -2 and remained until after egg laying, which resulted in a peak in pair 
attendance between days -2 and 0 (Figure 1C). Most (88%) pairs were seen 
copulating in the two days prior to egg laying, with a peak in copulation frequency 
on day -2 (Figures 1A and IB).
Extra-pair copulatory behaviour
A total of nine extra-pair copulations were observed; six in 2001 and three in 2002. 
Eight of these involved an extra-pair female of unknown identity visiting a male at 
his nest while his partner was absent. One male was visited by an unbanded extra­
pair female early in the morning two days in a row and a successful copulation 
resulted both times, though whether this was the same female both days was 
unknown. In one instance a female that had been rejected by her paired male shortly 
before egg laying (described below) copulated with the male at an adjacent nest. All 
extra-pair copulations occurred on the male’s nest and were unforced. On average, 
extra-pair copulations lasted 2 min 15 s (± 1 min 37 s) and resulted in 2.1 (± 1.2) 
cloacal contacts, and hence did not differ greatly from within-pair copulations. 
However, while paired birds were often together at the nest for extended periods of 
time, females departed shortly after extra-pair copulations.
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Forced copulation attempts
Only 26 of 724 (3.6%) observed copulation attempts were forced, nine of which 
occurred in 2002 when birds were colour banded. In each case a breeding male 
attending his nest was involved. The male mounted or attempted to mount either a 
breeding female attending a nearby nest (7/9) or an unidentified bird that was moving 
past his nest (2/9). The male successfully mounted the female in only 42% (n -  26) 
of forced copulation attempts, and in only one case did the female ultimately raise 
her tail to allow for a successful copulation. This occurred at a nest site that was not 
well established; although a male defended the site, a female was only rarely seen 
there and a nest bowl had not been made. The female involved in this copulation 
was not a known study bird. Forced mount attempts usually lasted only a few 
seconds, and appeared to be acts of territorial aggression, rather than legitimate 
attempts at copulation. Huyvaert et al. (2000) made a similar suggestion for waved 
albatrosses. Similar to unforced copulations that did not fully cease until shortly 
after egg laying (Figure IB), a combined total of five forced copulation attempts 
occurred on egg days 0 and 1.
Divorce
A male-mediated divorce was observed in 2002 at a study nest with an established 
pair (they had an unsuccessful breeding attempt in 2001). When the paired female 
reunited with her mate at the nest on egg day -2, he acted aggressively towards her. 
She then copulated with a paired male at an adjacent nest just six minutes after her 
initial arrival. For the next two days she made further unsuccessful attempts to 
approach her mate, and then laid her egg at a vacant site that she soon abandoned.
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Parentage assignment
The combined exclusion probability for the six autosomal loci used for parentage 
analysis was 91% when the maternal genotype was known, and 73% when it was 
unknown, the latter being the case for most sampled chicks (22/29). These figures 
may reflect relatively low allelic diversity (mean of four alleles per locus, see Abbott 
& Double 2003 [Chapter II]) or genetic clustering of related individuals in the study 
site. Regardless, a mean of 5.0 (±2.1) candidate fathers genetically matched each 
sampled chick (n = 29). No genetic mismatches were found in any genotypic 
comparison of mother-chick {n = 10) at five to six autosomal loci, hence there was 
no evidence of nest parasitism or mutation.
At 26 of 29 (90%) study nests, the social father and the sampled chick matched at 
each locus and so these chicks were classified as within-pair. The remaining three 
chicks had genetic mismatches with their social father. The first of these chicks 
mismatched its social father at one of six autosomal loci and one of two Z-linked 
loci. The second chick mismatched its social father at two of five autosomal loci and 
one of three Z-linked loci. The third chick mismatched its social father at one of six 
autosomal loci (Z-linked data were not available). Depending on whether one 
mismatch is taken as sufficient evidence to exclude a social father, the rate of EPP in 
this study was between 6.9% (2/29) and 10.3% (3/29). This range is a conservative 
estimate since social fathers that had no genetic mismatches with their chick were 
automatically assigned paternity over other candidate fathers that also genetically 
matched the chick.
Discussion
My observations of the copulatory behaviour of shy albatrosses revealed that the vast 
majority of copulations occurred on the nest, were unforced, and were within-pair.
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Females controlled the success of all copulations and in a small number of instances 
were observed soliciting extra-pair matings. Extra-pair copulations were 
behaviourally similar to within-pair copulations, and resulted in a low frequency of 
EPP.
Timing of the fertile period
The timing of the fertile period in shy albatrosses is difficult to assess. In 
albatrosses, there is a delay in ovulation after yolk formation (Astheimer et al. 1985) 
that coincides with a pre-laying foraging exodus that is common in Procellariiformes 
(Astheimer & Grau 1990). The exodus is thought to allow females to supplement 
their nutrient reserves as needed for egg production in the days immediately prior to 
laying (Astheimer & Grau 1990). Excluding single-day visits, female black-browed 
and grey-headed albatrosses are absent from their colonies for an average of 10 and 
16 days respectively (Astheimer et al. 1985). I found the pre-laying exodus of 
female shy albatrosses to be comparatively short, lasting only a few days, which may 
be because breeding shy albatrosses are relatively sedentary and rely heavily on local 
food resources (Brothers et al. 1998; Hedd et al. 2001).
Several studies provide evidence of sperm storage in female Procellariiformes 
(Astheimer et al. 1985; Austin & Parkin 1996; Hunter et al. 1992). In black-browed 
and grey-headed albatrosses, most pairs do not copulate after the female leaves on 
her exodus, and she lays two days after her return to the colony (Astheimer et al. 
1985). The last copulation and egg laying are also temporally separated in northern 
fulmars and short-tailed shearwaters, by an average of 16 and 21 days respectively 
(Austin & Parkin 1996; Hunter et al. 1992). Hence in these species, the fertile period 
effectively ends once the female leaves on her exodus regardless of the timing of 
fertilisation (Hunter 1998). In shy albatrosses however, a peak in copulation rate 
occurs upon the female’s return from her pre-laying absence. Since fertilisation in
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albatrosses is thought to occur within the few days prior to laying (Astheimer et al. 
1985), it is possible that shy albatross eggs are fertilised by sperm inseminated 
during this time. Alternatively, the peak in copulation rate on day -2 may reflect the 
general tendency toward frequent within-pair copulations, and in particular the 
tendency of pairs to copulate after being reunited at the nest after a period of 
separation.
Frequent copulations
While a very small number of copulations are required for successful fertilisation, 
many colonially breeding birds copulate frequently (Birkhead & Möller 1992). It is 
thought that frequent copulation is the best paternity guard if ecological constraints 
prevent direct mate-guarding, which occurs when males follow their mates closely 
while they are fertile (Birkhead & Möller 1992; Möller & Birkhead 1991). The only 
published study on the mating behaviour of a procellariiform seabird found that 
northern fulmars successfully use frequent copulation to assure paternity (Hunter et 
al. 1992). Shy albatross breeding pairs copulate regularly and repeatedly prior to egg 
laying, and mate-guarding was not observed, so shy albatrosses also seem to use this 
strategy.
Both sexes are likely to benefit from frequent within-pair copulations. For males, the 
probability of fertilisation increases with the amount of sperm he inseminates, and if 
he is the last male to copulate with a female before her eggs are fertilised (Birkhead 
& Möller 1992). In northern fulmars, pair males were always the last male to 
copulate with their mates, and they always gained paternity despite females engaging 
in extra-pair matings (Hunter et al. 1992). A similar strategy of pair males trying to 
gain last sperm advantage may be important for shy albatrosses, which is consistent 
with the large fraction of pairs that copulated once reunited after one member had 
been absent. Female shy albatrosses may benefit from copulating frequently with
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their social mate for reasons other than ensuring his paternity. If males assess their 
likelihood of paternity through the female’s willingness to copulate with him, and 
may opt to divorce her or to refrain from investing care if his confidence of paternity 
is low, it will be in the best interest of females to copulate frequently with their mates 
(Westneat & Stewart 2003). The male-mediated divorce seen in this study confirms 
that male shy albatrosses do indeed reject their social mate in some circumstances, 
which were not discernible in the observed case.
Extra-pair paternity
My finding of 7-10% EPP in shy albatrosses is higher than the average frequency of 
3% EPP found among 23 non-passerines (Westneat & Sherman 1997), but is within 
the range reported for other albatross species. Burg (2000) found 0-8% EPP in 
black-browed albatrosses, 2-10% EPP in grey-headed albatrosses, and 6-17% EPP in 
wandering albatrosses. A much higher 25% EPP was detected in waved albatrosses 
(Huyvaert et al. 2000). Behavioural data are not available for these species, however 
the possibility that EPP in waved albatrosses is at least partially attributable to forced 
extra-pair copulations has been suggested (Huyvaert et al. 2000). I found no 
evidence that forced copulations are part of the mating system of shy albatrosses: 
forced mounts were rare and did not appear to lead to successful sperm transfer.
Extra-pair copulations observed in shy albatrosses resulted from females travelling 
through the colony; females visited extra-pair males at their nests, which is where 
extra-pair copulations occurred. Evidence of female pursuit of extra-pair copulations 
has been found together with genetic evidence of EPP in only 12 other species 
(Westneat & Stewart 2003). In northern fulmars, females solicited 14% of observed 
extra-pair copulations, but no EPP occurred (Hunter et al. 1992).
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Detection of EPP in shy albatrosses is intriguing given that many factors are 
predicted to restrict it. First, although it is impossible to identify conclusively the 
potential benefits to female shy albatross of seeking extra-pair copulations (see 
Griffith et al. 2002), several possibilities appear unlikely based on results presented 
here. Female shy albatrosses do not receive material resources from engaging in 
extra-pair matings, as occurs in Adelie penguins (Pygoscelis adeliae; Hunter &
Davis 1998). Extra-pair mating for infertility insurance is not expected in such a 
long-lived species, since individuals could assess the outcome of early matings and 
divorce if no young hatched. Further, two out of the three extra-pair shy albatross 
chicks identified here occurred at nests that fledged a within-pair chick in the other 
year studied. Mate fidelity between reproductive seasons is very high (>90%) in 
albatrosses for which data are available (Bried & Jouventin 2002), making it unlikely 
that females use extra-pair copulations to seek out a better mate in future years. 
Further, frequent within-pair copulations in shy albatrosses (as discussed above) 
presumably lower the chance of extra-pair males gaining paternity.
Second, currently popular models for explaining observed EPP rates in terms of the 
risks of retaliation incurred by unfaithful females (see Arnold & Owens 2002) would 
predict that the life history characteristics of shy albatrosses strongly favour genetic 
monogamy. Expectations include that males of species with short reproductive lives 
should refrain from abandoning a brood with higher levels of EPP than males of 
species with long reproductive futures, for whom ‘each breeding event represents a 
smaller proportion of potential lifetime reproductive success’ (Mauck et al. 1999:99). 
It is also predicted that high survival of both males and females in long-lived species 
leads to a high likelihood of future mating opportunities for social pairs, thereby 
subjecting females to a real threat of divorce if they cuckold their mate (Arnold & 
Owens 2002). Indeed, using a dynamic programming approach Mauck et al. (1999) 
found that variation in adult mortality rates accounts for 50% of the variation in EPP 
rates. A second prediction of the risk of retaliation hypothesis is a negative
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association between EPP rates and the necessity of parental care for offspring 
survival (Arnold & Owens 2002; Griffith et al. 2002). The expectation is that the 
degree to which female reproductive success is dependent on male parental care will 
be reflected in the intensity of selection pressure favouring mate-retention strategies 
in females. Results of phylogeny-based comparative analyses undertaken by Arnold 
& Owens (2002) and Möller (2000) both support this prediction, with high EPP rates 
associated with reduced need for parental care. Therefore as long-lived taxa with 
obligate reliance on biparental care, unfaithful female shy albatrosses are expected to 
be especially vulnerable to losses in reproductive success as a result of retaliatory 
behaviour of her mate.
In light of these factors predicted to limit EPP in shy albatrosses, perhaps it is 
surprising that their rate of EPP approaches the average of 11% EPP among socially 
monogamous bird species (Griffith et al. 2002). However, ecological factors may 
promote EPP in shy albatrosses. The preclusion of mate guarding by both long 
foraging trips and the need for constant nest site defence, in combination with the 
ready availability of extra-pair mates in densely-populated breeding colonies, are 
together predicted to generate ample opportunities for extra-pair copulations 
(Birkhead et al. 1987). Indeed, higher extra-pair copulation rates have been found 
among colonial bird species than among solitary breeders (Birkhead & Möller 1992). 
Further, while many potential benefits to female shy albatrosses from engaging in 
extra-pair matings have been excluded based on results of this study (as discussed 
above), in light of their high mate fidelity between breeding seasons it remains 
possible that they seek extra-pair sires to increase genetic diversity among their 
offspring.
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Chapter V
Duplicate mitochondrial control regions 
in Thalassarche albatrosses consist of 
both independently and concertedly 
evolving segments
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Abstract
This study characterizes a novel mitochondrial DNA duplication near and including 
the control region in Thalassarche albatrosses using direct DNA sequencing and 
restriction digest mapping. The duplicate control regions align easily, are not 
identical in sequence or in length, and do not contain evidence of degeneration. 
Phylogenetic analyses of domain I of both control region copies in five Thalassarche 
species indicate that they are largely evolving in concert, however a short section 
within them is clearly evolving independently. To my knowledge this is the first 
time contrasting evolutionary patterns have been reported for duplicate control 
regions. Gene conversion is considered a possible mechanism for the maintenance of 
concertedly evolving duplicate control regions found in other taxa, and may be a 
plausible mechanism behind the complex evolutionary patterns described here. 
Available evidence suggests that this duplication may be taxonomically widespread, 
probably across all Procellariiformes and could potentially occur in other closely 
related avian groups.
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Introduction
The control region is a noncoding mitochondrial DNA (mtDNA) sequence involved 
in the regulation of replication and transcription of the mitochondrial genome 
(Ruokonen & Kvist 2002). It has proven to be a valuable tool in phylogenetic, 
phylogeographic, and population genetic studies, due in part to its rapid rate of 
evolution, haploidy, and maternal inheritance (Sorenson & Quinn 1998). However, 
recent investigations have revealed important caveats associated with using the 
control region in evolutionary studies, including transposition of mtDNA to the 
nuclear genome (see Zhang & Hewitt 1996), which can confound the acquisition of 
authentic mtDNA sequence data. In addition, gene rearrangements and duplications 
involving the control region have recently been discovered in a wide variety of taxa, 
including parrots (Eberhard et al. 2001), metastriate ticks (Black & Roehrdanz 1998; 
Campbell & Barker 1999), sea cucumbers (Arndt & Smith 1998), snakes (Kumazawa 
et al. 1996), and self-fertilizing fish (Lee et al. 2001). Although it was initially 
thought that selection for small genome size in mtDNA would result in duplicated 
segments having a relatively short lifespan (Moritz & Brown 1987), recent studies 
have revealed control region duplications which have persisted through multiple 
speciation events and in which the functionality of both copies appears to have been 
maintained (Arndt & Smith 1998; Black & Roehrdanz 1998; Campbell & Barker 
1999; Eberhard et al. 2001; Kumazawa et al. 1996). Clearly, an understanding of 
how duplicate control regions evolve is needed if one or both regions are being 
targeted for deciphering evolutionary relationships.
In this study I describe an alteration in mtDNA gene organisation in albatross species 
of the genus Thalassarche that involves a control region duplication initially detected 
in an evolutionary study (Abbott & Double 2003b [Chapter I]). The gene order 
found here has not been previously described. The two control region copies were 
evaluated for evidence of degeneration by comparing them with conserved sequence
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blocks of functional significance that are ubiquitous to animal control regions. 
Duplicate control regions within individuals of five Thalassarche species examined 
contained sequence variation in domain I, therefore this region was targeted for 
phylogenetic analyses to investigate patterns of evolution in the two control regions. 
My results did not identify either control region copy as being degenerate, and 
indicate that although they are evolving predominantly in concert, a small section 
within them is clearly evolving independently. To my knowledge this is the first 
time contrasting evolutionary patterns have been found within duplicated control 
regions. Available evidence suggests that this duplication may be taxonomically 
widespread, so the results presented here should be considered in future evolutionary 
studies targeting the control region of all Procellariiformes and potentially other 
closely-related avian groups.
Methods
This study was prompted by the discovery of sequence heteroplasmy in domain I of 
the mitochondrial control region of Thalassarche albatrosses during a 
phylogeographic study (Abbott & Double 2003b [Chapter I]). At that time, suitable 
polymerase chain reaction (PCR) primers for the control region of these taxa were 
not available, hence they were developed de novo by first amplifying the region 
between the genes for cytochrome b (cytb) and 12S as it typically contains the 
control region. This was done by ‘long-range’ PCR using primers cbFl and 12sRl 
(Table 1, Figure 1) as described in Abbott & Double (2003b [Chapter I]). A PCR 
product thought to be approximately 3000 base pairs (bp) in length was obtained and 
subsequently sequenced by repeatedly designing internal primers, which are shown 
in Table 1 and Figure 1. Ultimately I obtained sequence for T. cauta from cytb to 
12S that appeared to represent the typical avian gene order (Figure 1; Desjardins & 
Morais 1990), although forward and reverse sequences in domain III of the control
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Figure 1. Schematic comparison (not drawn to scale) of the cytb to 12S 
mitochondrial gene order found in most birds (a) with that reported here in T cauta 
(b). Approximate locations of PCR primers used in this study are shown by arrows 
(note that some primers have two priming sites due to duplicated sequence). tRNA 
genes are labelled using the abbreviation of their associated amino acid and multiple 
copies of identically duplicated regions are distinguished by numbers given in 
parentheses after the name. The locations of cloned fragments from each control 
region used for phylogenetic analyses are labelled as FI and F2 and are indicated by 
solid black boxes. Regions for which direct sequence data were not obtained are 
indicated by dotted horizontal margins rather than solid lines.
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region could not be aligned with confidence due to the presence of several hundred 
base-pairs of complex repeats (Lunt et al. 1998).
Initial amplifications of domain I of the control region of T. cauta used primers 
GluF6 and GluR6 (Table 1, Figure 1) and yielded ambiguous sequence characterized 
by double peaks at some sites. PCR products were then cloned to obtain 
unambiguous sequences, which uncovered two unique sequences, 327 bp in length, 
within a single individual, hereafter referred to as FI and F2 fragments (Figure 1). 
PCR primers were designed to specifically amplify each of these fragments.
Detailed methods for these amplifications and cloning procedures are described by 
Abbott & Double (2003b [Chapter I]).
From this point I endeavoured to identify the source of this apparent sequence 
heteroplasmy and investigated three possible hypotheses: (1) co-amplification of a 
nuclear homolog; (2) a mtDNA duplication involving the control region; and (3) 
‘true’ heteroplasmy caused by the co-existence of multiple non-identical mtDNA 
molecules within individuals.
Nuclear copies of the control region have been found in other bird species (Kidd & 
Friesen 1998; Ruokonen et al. 2000; Sorenson & Fleischer 1996). To evaluate the 
hypothesis that either FI or F2 was nuclear in origin, the inheritance pattern of each 
was investigated by sequencing families of T. cauta sampled at Albatross Island, 
Tasmania, Australia. Seven mother/father/chick trios, and three mother/chick pairs 
were examined. Each chick was confirmed to be the genetic progeny of the sampled 
parents using five to six variable nuclear microsatellite markers (see Abbott & 
Double 2003a [Chapter II] for amplification conditions and descriptive statistics of 
each marker).
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From the study of inheritance it was hypothesized that the FI and F2 sequences were 
both mitochondrial (see Results and Discussion). It was therefore necessary to 
distinguish between the possibilities that they were located within the same mtDNA 
molecule, which would suggest a duplication event, or that two different mtDNA 
molecules coexisted within individuals (ie. mitochondrial heteroplasmy). mtDNA 
heteroplasmy is generally thought to be exceptionally rare, and although it has been 
argued otherwise (Grzybowski 2000), evidence for its occurrence is scarce. In 
contrast, several recent reports of control region duplications have emerged (Arndt & 
Smith 1998; Bensch & Harlid 2000; Black & Roehrdanz 1998; Campbell & Barker 
1999; Eberhard et al. 2001; Kumazawa et al. 1996; Lee et al. 2001; Mindell et al. 
1998). In avian taxa with duplicated control regions, both copies have been found 
between cytb and 12S (Bensch & Harlid 2000; Eberhard et al. 2001), therefore this 
segment of the genome in T. cauta was examined thoroughly for evidence that a 
duplication may be present. Long-range PCR from cytb to 12S (described above) 
was repeated, and by running the product through a lower concentration agarose gel 
(0.8-1.0%) I determined the product length to be approximately 6000 bp, as opposed 
to approximately 3000 bp as previously reported by Abbott & Double (2003b 
[Chapter I]).
Two methods were undertaken to determine whether the two control regions, which 
were provisionally referred to as CR1 and CR2 and presumed to contain the FI and 
F2 fragments respectively, were present within the 6000 bp fragment from cyt6 to 
12S. First, a restriction digest map was constructed, for which expected restriction 
sites were predicted using previously obtained sequence data (described above) and 
knowledge of how sequence variation between FI and F2 copies would affect 
digestion profiles. Nsil (Roche Applied Science) and FspAl (MBI Fermentas) were 
used: the former cuts both putative copies of the control region twice, once within FI 
and F2 and again at the end of domain II in both putative control regions, and the 
latter cuts the FI copy once. Available sequence data suggested that these enzymes
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did not have other cut sites within the 6000 bp fragment. As a second method of 
determining whether two control regions were located in this fragment, I attempted 
to PCR amplify the hypothetical region separating them using primer pairs 
PheF5/GluR7 and PheF6/GluR7 (Table 1, Figure 1). The locations and orientations 
of these primer pairs are such that products are expected only if two control regions 
are present (Figure 1). Both reactions used the same PCR reagent mix as described 
for the cbFl/12sRl primer pair in Abbott & Double (2003b [Chapter I]) and 
followed these cycling parameters: 94°C for 2 min; 30 cycles of 15 s at 94°C, 30 s 
at 55 °C, 2 min at 72 °C and one final cycle for 7 min at 72 °C.
To investigate the patterns of evolution in FI and F2 sequences, DNA was extracted 
from each of T. steadi, T. salvini, and T. eremita, the three closest relatives of T. 
cauta, and T. bulleri (as outgroup) to determine whether they contained similar 
sequences. Indeed, unique cloned sequences (327 bp in length) corresponding to the 
FI and F2 copy found in T. cauta were detected in all four species, as described in 
Abbott & Double (2003b [Chapter 1]). These five sequences were used for 
phylogenetic analyses using unweighted cladistic parsimony, transition-weighted 
parsimony, and maximum likelihood using models optimized for the data in 
m o d e l t e st  3.06 (Posada & Crandall 1998). Tree estimates and subsequent 
assessment of their robustness by bootstrapping (Felsenstein 1985) were done using 
PAUP*4.0bl0 (Swofford 2002). As an additional means of evaluating their patterns 
of evolution, the uncorrected pairwise differences between FI and F2 copies within 
individuals for each ingroup species were calculated using ARLEQUIN Version 2.001 
(Schneider et al. 2000) and subsequently converted to sequence divergence estimates 
for whole and sectioned sequences.
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Results and Discussion
In this study I investigated the source of apparent sequence heteroplasmy in domain I 
of the mitochondrial control region of Thalassarche cauta to distinguish between 
three main hypotheses: co-amplification of a mitochondrial copy and a nuclear copy, 
the presence of a mtDNA duplication involving the control region, and the co­
existence of non-identical mtDNA molecules within individuals (ie. mtDNA 
heteroplasmy).
FI and F2 sequences were found to be maternally inherited in every mother/chick 
pair (n = 10), implying a mitochondrial origin. The father was sampled in seven of 
these comparisons and in six of them his FI and F2 sequence types differed from 
those of the mother (and chick). This analysis also revealed linkage between FI and 
F2: any given FI haplotype always accompanied the same F2 haplotype within 
individuals, which implied that they were on the same mtDNA molecule. The 
possibility of maternal inheritance mediated by W chromosome linkage was 
excluded as both male (n = 4) and female (n = 6) chicks inherited both maternal 
haplotypes.
Restriction digest profiles of the 6000 bp PCR product from cyt£ to 12S were 
consistent with the presence of two control regions separated by approximately 1100 
bp. Subsequent PCR reactions targeting the region separating the two presumed 
control regions using primer pairs PheF5/GluR7 and PheF6/GluR7 each generated 
single products of lengths 1400 bp and 1700 bp, respectively, which were precisely 
concordant with expected sizes based on mapping results. Forward and reverse 
sequencing were carried out on both fragments, and results were combined with 
earlier sequencing results and restriction digest mapping to confirm the presence of a 
duplicated region which included the control region, several tRNA genes, the ND6 
gene, and both degenerate and partial copies of the cytb gene (Figure 1). The gene
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content differed from both the typical avian gene order (Figure 1) and from other 
gene rearrangements previously reported in birds (see Bensch & Harlid 2000; 
Eberhard et al. 2001). Sequence was obtained for most of this fragment, however 
sequence for 320 bp in the middle of ND6(2) (Figure 1) was not obtained due to 
insufficient read lengths of the forward and reverse reactions, and complete 
sequencing of domain III of CR2 (Figure 1) was precluded by long complex repeats 
(see below).
Description of Duplicated Region
The alteration in mtDNA gene organisation reported here is comprised of tandemly 
duplicated sequence occurring between the first control region (CR1) and tRNAphe 
(Figure 1). The duplicated section begins with d-cyt6, a 120 bp section that aligns 
with 70% sequence similarity to the complete cytb sequence for T. cauta (Nunn et al. 
1996) and is therefore considered a degenerate partial copy of this gene. d-cyt6 is 
followed immediately by p-cytb (Figure 1), which is a partial copy of the last 39 bp 
of cyt6 that, unlike d-cyt6, is identical to the functional copy of this gene. Although 
they are immediately adjacent to one another in the duplicated region, in the 
functional cyt6 gene the sequences corresponding to d-cyt& and p-cyt6 are separated 
by 424 bp. Duplicate copies of tRNAThr, tRNAPro, and tRNAGlu (Figure 1) are 
identical to one another in all three cases. ND6(2) was not sequenced fully (see 
above), but its length is identical to ND6(1) and it is positioned between identical 
duplicates of tRNA genes. The lack of degeneration in duplicated tRNA genes (and 
potentially ND6) suggests that both copies of each gene may be functional, and 
contrasts with the results of other similar tRNA gene duplications (e.g. Arndt & 
Smith 1998; Campbell & Barker 1999; Eberhard et al. 2001; Kumazawa et al. 1998).
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Comparison of CR1 and CR2 and Evaluation of their Functionality
The two control regions found in T. cauta aligned easily and without indels but were 
not identical in length or in sequence. The total length of CR1 was 973 bp whereas 
CR2 was estimated to be up to 2300 bp, the latter being largely due to what appears 
to be an approximately 1300 bp section of repetitive sequence in domain III of CR2 
(described below). Until recently, the largest reported avian control region was 1240 
bp (greenfinch; Baker & Marshall 1997), but control regions ranging from 1868 bp 
to 2040 bp have since been reported in parrots (Amazona spp.; Eberhard et al. 2001) 
and penguins (Slack et al. 2003) respectively.
The control region is involved in the regulation of replication and transcription of the 
mitochondrial genome (Ruokonen & Kvist 2002) and its structural organisation is 
essentially the same across all organisms (Sbisa et al. 1997). The degree of 
similarity of each T. cauta control region copy with conserved sequence elements 
putatively thought to be of functional importance was evaluated for evidence of 
degeneration. The goose hairpin (Quinn & Wilson 1993) consisting of a string of 
mononucleotide cytosine repeats that is characteristic of the end of the control region 
adjacent to tRNAGlu was found in both CR1 and CR2. Conserved extended 
termination associated sequences (ETAS) are characteristic of domain I and are 
thought to be where the recently synthesized nascent heavy strand stops in mtDNA 
replication (Sbisa et al. 1997). Both T. cauta control regions were aligned with the 
consensus mammalian sequences for ETAS1 and ETAS 2 described in (Sbisa et al. 
1997). The level of sequence similarity of CR1 with ETAS 1 and ETAS 2 was 67% 
and 68% respectively, and that of CR2 with ETAS 1 and ETAS 2 was 70% and 62% 
respectively. The central domain II region was invariable between CR1 and CR2, 
and exhibited 82%, 88%, and 86% sequence similarity with conserved chicken 
sequences F box, D box, and C box (Southern et al. 1988) respectively. Domain III 
begins with a conserved sequence block, CSB1, which is thought to either contain or 
be adjacent to the site of origin of heavy strand replication (Sbisa et al. 1997). Both
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T. cauta control regions contain a CSB1 with 89% sequence similarity to the chicken 
CSB1. To summarise, all comparisons of CR1 and CR2 in T. cauta with chicken and 
mammalian conserved sequences generated equivalent results for both copies, and 
are comparable to those obtained in similar comparisons of ostensibly functional 
duplicate control regions in parrots (Eberhard et al. 2001).
Despite these similarities, CR1 and CR2 were not identical in length or sequence.
The length of domain I (from the start of the goose hairpin to the start of F box) was 
350 bp in both CR1 and CR2 and contained variable bases between them. Domain II 
(from the start of the F box to the start of CSB1) in CR1 and CR2 was 448 bp long 
and identical in sequence. Domain III (from the start of CSB1 to the end of the 
control region) differed more markedly between the two control regions. CR 1 
domain III was 175 bp in length, did not contain repeated sequences, and ended at d- 
cyt6 which was the start of the duplicated region. These 175 bp of domain III of 
CR1 were identical to the start of this domain in CR2 however the latter appeared to 
extend for approximately 1300 bp (until tRNAphe) in the form of complex repeats.
The repetitive nature of this sequence precluded complete sequencing, however 
partial sequence was obtained using primers PheF5 and 12sR2 (Table 1, Figure 1), 
and revealed two CA rich repeat motifs that were 23 bp and 44 bp in length. Similar 
CA rich repeat regions have been described in domain III of other albatrosses (Burg 
2000) and avian taxa including penguins (Slack et al. 2003, Ritchie & Lambert 2000) 
and alcids (Mourn et al. 2002).
It is difficult to assess how the absence of domain III repeats in CR1 and the 
abundance of them in CR2 may impact on the functionality of either one. Tandemly 
repeated sequences are a common feature of the control region and are thought to be 
involved in the termination of transcription (Lunt et al. 1998). However, considering 
that they are not ubiquitous and that all other sequence comparisons between CR1
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and CR2 did not uncover differences likely to affect their functionality, my results do 
not identify either copy as being degenerate.
Phylogenetic Analyses of FI and F2
Sequence variation between the duplicate control regions in T. cauta was only 
observed in the FI and F2 fragments (Figure 1), hence these regions alone were used 
for phylogenetic analyses. As described by Abbott & Double (2003b [Chapter I]), a 
recombination signal was detected in all FI copies using the reverse successive 
weighting method of Trueman (1998) and a larger sample size than used here. This 
resulted in conflicting phylogenetic signals from different portions of the sequences 
such that trees generated using all 327 bp for FI and F2 in all five species were 
unresolved apart from separation of the outgroup (not shown) despite obvious 
variation among the sequences. Both the FI and F2 copies for all individuals were 
therefore partitioned at the recombination site found in F1 which yielded 110 bp 
called section A and an adjacent 217 bp called section B.
Much higher resolution was achieved in trees produced using sections A and B 
separately (Figure 2), which remarkably depicted opposite evolutionary patterns 
between them. If the two copies were evolving independently since before 
speciation of the group, orthologous copies (ie. all FIs and all F2s) would be more 
closely related to one another than would paralogous copies (ie. FI and F2 within 
individuals). The predicted phylogenetic tree under this scenario would have well- 
supported separation between an F1 clade and an F2 clade, which was the observed 
result for section A (Figure 2). In contrast, if the two copies were evolving in 
concert, paralogous copies would be more closely-related to one another than 
orthologous copies, leading to phylogenetic trees with well-supported terminal nodes 
connecting the two copies within individuals. This result was obtained for section B 
(Figure 2). Therefore my results suggest that one section of domain I of the
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Figure 2. Unweighted cladistic parsimony phylogenetic trees for control region 1 
(called FI) and control region 2 (called F2) of Thalassarche cauta (Cau), T. steadi 
(Ste), T. salvini (Sal), and T. eremita (Ere), with T. bulleri (Bui) as the outgroup. 
Sequences were partitioned into section A (110 bp; tree labelled as a) and section B 
(217 bp; tree labelled as b) as they generated different phylogenetic signals. 
Bootstrap values were obtained from 1000 resamplings.
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duplicate control regions in these albatrosses is evolving independently, and the other 
section is evolving in concert. This pattern was also clearly portrayed by divergence 
estimates: the average uncorrected sequence divergence between FI and F2 within 
individuals in the four ingroup taxa was 13.4% in section A and 0.6% in section B. 
An intriguing result that I have found difficult to explain was that branch lengths in 
Figure 2 clearly indicate that section A of FI is evolving more slowly than the rest of 
FI and all o f F2.
Maintenance of CR1 and CR2
Tandem duplication of mitochondrial DNA may arise via slipped-strand mispairing 
during DNA replication (Moritz & Brown 1986; Moritz & Brown 1987; Moritz et al. 
1987). It was traditionally thought to be followed by the random loss of 
supernumerary genes (Moritz et al. 1987), whereby the coexistence of duplicated 
regions was short-lived on an evolutionary time scale (Moritz & Brown 1987). This 
has received some empirical support, with an apparently degenerate second copy of 
the control region found in representatives of four orders of birds (Mindell et al. 
1998). However, recent studies on parrots (Eberhard et al. 2001), snakes 
(Kumazawa et al. 1996; Kumazawa et al. 1998), metastriate ticks (Black & 
Roehrdanz 1998; Campbell & Barker 1999), sea cucumbers (Arndt & Smith 1998), 
and self-fertilising fish (Lee et al. 2001) have described duplicate control regions that 
show no signs of degeneration but rather appear to be evolving in concert. Hence 
Kumazawa et al. (1996) have suggested that mtDNA molecules with duplicated 
control regions may be favoured by selection, perhaps due to a functional advantage 
arising from increased efficiency in the initiation of replication or transcription from 
multiple sites. This idea has also been endorsed by Campbell & Barker (1999) and 
Arndt & Smith (1998).
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The mechanism responsible for the concerted evolution of duplicate control regions 
is unclear. The majority of studies identify frequent gene conversion as the most 
plausible possibility (e.g. Black & Roehrdanz 1998; Eberhard et al. 2001; Kumazawa 
et al. 1996). This process homogenises two sequences through nonreciprocal 
recombination whereby one sequence is completely replaced by another relevant 
sequence (Kumazawa et al. 1996). While gene conversion occurs frequently in 
nuclear genomes its occurrence in mitochondrial genomes is unproven (Kumazawa 
et al. 1996). A hypothetical description of how it may result in concertedly-evolving 
control regions is provided by Eberhard et al. (2001). An alternative mechanistic 
hypothesis is the tandem duplication model described by Kumazawa et al. (1998).
To my knowledge, results presented here on the mitochondrial gene order in 
Thalassarche albatrosses and the contrasting evolutionary patterns within their 
duplicate control regions have not been reported for any other taxa. While section A 
of CR1 and CR2 are evolving independently, the rest of the alignable portions of the 
two control regions are evolving in concert, and I suggest that the same may be true 
for the identically-duplicated tRNA and ND6 genes sequenced in T. cauta. I 
speculate that gene conversion is a plausible mechanism behind these evolutionary 
patterns. Multiple recombination points associated with a gene conversion 
mechanism could exist whereby certain duplicated portions are regularly 
homogenized such that they evolve in concert over the long term while intervening 
regions (e.g. section A) remain unaffected and therefore evolve independently.
Taxonomic Distribution of Duplication Event
Deep pnylogenetic origins are evident in other mitochondrial DNA duplications that 
have led to two conceitedly evolving copies of the control region. Shared 
duplications of this kind have been described within: (1) snakes belonging to three 
families (Kumazawa et al. 1996); (2) several members of a sea cucumber family
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(Cucumariidae; Arndt & Smith 1998); and (3) all four subfamilies of metastriate 
ticks (Black & Roehrdanz 1998).
The mitochondrial DNA duplication revealed here in five Thalassarche species may 
also be taxonomically widespread. Evolutionary studies of three other Thalassarche 
species (T. melanophrys, T. impavida, and T. chrysostoma\ Burg & Croxall 2001) 
and three Diomedea species of albatrosses: D. exulans, D. antipodensis, and D. 
dabbenena (M.D. unpub. data; Burg & Croxall 2004) also found sequence 
heteroplasmy in domain I of the control region (T. Burg, pers. comm). The 
distribution of heteroplasmic sites in these species is very similar to that found in this 
study (data not shown) and are therefore likely to have a common cause. Indeed, 
anecdotal evidence suggests that the duplication may be present in all tube-nosed 
seabirds (i.e. order Procellariiformes): sequence heteroplasmy in domain I has been 
found in northern fulmars (Fulmarus glacialis; T. Burg, pers. comm.) and band- 
rumped storm-petrels (Oceanodroma castro\ A. Smith, pers. comm.). A 
Procellariiform phylogeny presented by Kennedy & Page (2002) indicates that the 
genus Oceanodroma separated from a major clade containing Fulmarus and all 
albatross genera during the first divergence event in the common ancestor of the 
order. Therefore the mitochondrial duplication reported here is likely common to all 
Procellariiformes and could extend into neighbouring phylogenetic groups, which 
include penguins, loons, and frigatebirds (Sibley & Ahlquist 1990). Control region 
studies are scarce for these groups, although the standard gene order has been 
reported in two species of penguin (Eudyptula minor, Slack et al. 2003; Pygoscelis 
adeliae, Ritchie & Lambert 2000). Curiously however, low levels of single site 
heteroplasmy have been reported in domain I of the control region in razorbills (Alca 
torda\ Mourn & Bakke 2001). This could reflect a mitochondrial duplication, despite 
some phylogenetic distance from Procellariiformes (Sibley & Ahlquist 1990). In 
conclusion, I recommend that results of this study be considered in future 
evolutionary studies targeting the control region of all Procellariiformes and
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potentially other closely-related avian groups, and encourage further research into 
identifying the full phylogenetic distribution of this mitochondrial duplication.
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Future Directions 150
Many new and interesting possibilities emerged from the research described in this 
thesis, some of which I am currently pursuing. Here I briefly highlight some 
profitable avenues for further research.
In Chapter III, I evaluated the relative degree of vulnerability of shy and white- 
capped albatrosses to fisheries bycatch mortality across all continental shelf regions 
thought to be regularly visited by these species. Towards the goal of gaining kill rate 
information for these species, I am now in the process of combining current fishing 
effort data for all major fisheries known to catch shy-type albatrosses with available 
information of their foraging distributions. The degree to which each species 
overlaps with each fishery will be predicted, and the associated risks of that exposure 
inferred. Nel et al. (2002) recently conducted this type of study on one population of 
wandering albatrosses (Diomedea exulans), and uncovered high spatial overlap 
between the birds and both tuna and Patagonian toothfish longline fisheries. Sex- 
specific patterns and seasonal variation in extent of overlap with these fisheries were 
found (Nel et al. 2002).
The full phylogenetic distribution of the mitochondrial duplication that I describe in 
five Thalassarche albatrosses requires further investigation. While researching for 
this study it was fascinating to discover just how many other reports of similarly 
‘strange’ patterns of apparent sequence heteroplasmy had been found in the same 
region of other taxa. Information on the evolutionary origin and phylogenetic spread 
of the duplication, and whether it has been lost in any taxa, would be highly relevant 
to future studies using mtDNA to reconstruct phylogenies of procellariform seabirds, 
and perhaps more distantly related birds.
For white-capped albatrosses, how the small (50-100 pairs; Gales 1998), and 
geographically distant, population of at Bollons Island (within the Antipodes Island 
group) fits into the genetic landscape of this species is unknown. It was not sampled
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in this study due to the difficulties accessing the breeding birds. The island is 
difficult to land on, and reaching the birds would require abseiling 50 m down a cliff 
face to a small ledge where the nests are located. Yet if sampling this group were 
achieved, it would be possible to assess whether geographic distance is an isolating 
mechanism for white-capped albatrosses. The finding that shy albatrosses arose 
from white-capped albatrosses suggests that geographic distance may indeed isolate 
populations and promote speciation in these birds. However, the alternative 
possibility of genetic panmixia has been found among geographically distant 
populations of multiple albatross species (Burg & Croxall 2001, 2004).
The need for detailed studies on white-capped albatrosses existed before this thesis 
was bom, however I hope my work has highlighted its urgency. Apart from work 
presented in this thesis, available published scientific papers on this species are 
limited to a comparison of their morphometry with shy albatrosses (Double et al. 
2003), and an account of pig predation at their breeding site on Auckland Island 
(Flux 2002). Knowledge of temporal and spatial variation in the at-sea distribution 
of white-capped albatrosses is needed to identify seasons and/or geographic regions 
of particularly high risk of fisheries-related mortality, and data on the demography 
and status of their populations would assist in measuring its impact. Information on 
white-capped albatross breeding biology and confirmation of whether they are 
annual or biennial breeders is also critical to understanding the conservation 
implications of bycatch mortality for this species.
More broadly, much more could be learned from further genetic studies on other 
albatross species. In particular, genetic data are needed to clarify the recognition of 
two species of yellow-nosed albatrosses (Thalassarche chlororhynchos and T. 
carteri) and Buller’s albatrosses (71 bulleri and T. nov. sp.). Second, despite the 
information gained from fine scale genetic studies on individual albatross species 
presented in this thesis and by Burg & Croxall (2001, 2004), we do not have a clear
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general understanding of albatross dispersal, migration, and speciation patterns. The 
question of why some taxa are limited to a single island (e.g. Diomedea dabbenena 
and T. impavida) and others are globally distributed (e.g. D. exulans and T. 
chrysostoma) persists. Perhaps interpreting information on the genetic structure of 
populations in the context of data on foraging patterns, courtship, and mating 
behaviour for several individual species would shed light on what factors are 
promoting divergence among some albatross populations and inter-migration among 
others. Ultimately this could resolve the number of species and speciation processes 
among extant albatrosses.
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Abstract. Albatrosses are frequently killed by longline and trawl fishery operations but the relative impact of such 
activities at the species or population level are largely unknown. Such information requires the widespread presence 
of fishery observers and an ability to identify accurately the species and provenance of all albatrosses killed by 
fishing vessels. In this study we investigate the use of morphometric measurements to identify Shy (Thalassarche 
cauta) from White-capped (T. steadi) Albatrosses, two taxa recently suggested to be separate species. Measurements 
were taken from a collection of 103 Shy and White-capped Albatrosses killed by longline vessels within the 
Australian Fishing Zone between 1988 and 2000 and identified to species level using a recently developed DNA- 
based test. Within-sex comparisons of Shy and White-capped Albatrosses found that six of the 10 measurements 
were significantly different for both sexes. However, all measurements showed considerable overlap and no single 
measurement separated the two taxa. Discriminant classification functions based on wing chord, maximum head 
width and two bill measurements were able to simultaneously identify the species and sex of approximately 84% of 
by catch specimens (n = 70). The discriminate classification functions for species identification alone correctly 
assigned approximately 89% of bycatch specimens. When this classification method was applied to measurements 
taken from live specimens a similar level of accuracy was achieved (82%, n = 17).
Introduction
The decline of many albatross populations has been linked to 
the incidental killing of albatrosses by longline (Prince et al. 
1994; Weimerskirch et al. 1997; Croxall et al. 1998; Gales 
1998; Stehn et al. 2001; Woehler et al. 2001) and trawl 
(Bartle 1991; Weimerskirch et al. 2000) fishery operations. 
Such findings have led to pressure for fishing vessels to adopt 
bycatch mitigation measures (Brothers et al. 1999a, 19996; 
Cooper 2000; Melvin and Parrish 2001) and for the wide­
spread deployment of on-board observers to record fisheries- 
related mortality of seabirds (Brothers et al. 1999a; Baker 
et al. 2002; Ryan et al. 2002).
Widespread observer coverage would greatly improve 
bycatch estimates and also provide the opportunity to r: fine 
impact assessments at the species or population level. Such 
detail, however, requires accurate identification of both the 
species and provenance of all albatrosses killed by fishing 
vessels, a process that is confounded by our current lack of 
understanding of the species and population structure within 
the albatross family. Recently, an ‘interim taxonomy’ was 
suggested by Robertson and Nunn (1998) which elevated the
number of genera within the Diomedidae from two to four 
and the total number of species from 14 to 24. There appears 
to be general agreement with the generic-level revisions, but 
there has been greater debate about the newly designated 
species boundaries (James 2000; Warham 2001; Bourne 
2002). This contention prompted fine-scale genetic studies 
which attempted to resolve the terminal taxa within the alba­
tross family (Burg 2000; Burg and Croxall 2001; Abbott and 
Double 2003a). These studies have largely confirmed the 
existence of the terminal taxa identified by Robertson and 
Nunn (1998) but it remains arguable whether the genetic dis­
tances between some taxa warrant specific status (Burg 
2000; Burg and Croxall 2001; Abbott and Double 2003a).
One of the most controversial suggestions made by 
Robertson and Nunn (1998) was to assign specific status to 
Shy (Thalassarche cauta) and White-capped (T. steadi) Alba­
trosses. Falla (1933) first proposed them as distinct subspecies 
but they were described as ‘doubtfully separable’ by Marchant 
and Higgins (1990), who lumped them together as a single 
subspecies within the Diomedea cauta complex. Robertson 
and Nunn (1998) referred to differences in the breeding
© Royal Australasian Ornithologists Union 2003 10.1071 /MU03012 0158-4197/03/040287
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jlogy and non-overlapping wing morphometries to 
the recognition of Shy and White-capped Albatrosses 
arate species (hereby collectively referred to as ‘shy- 
). Later genetic studies (Abbott and Double 2003a,
') confirmed that Shy and White-capped Albatrosses are 
losely related but did not detect any gene flow between
0 taxa. This result highlights the need to treat these taxa 
inct units for assessments of anthropogenic mortality, 
th Shy and White-capped Albatrosses are known to be
by longline fishing operations around Australia 
lers 1991; Brothers and Foster 1997; Gales et al. 1998), 
Zealand (Murray et al. 1993) and South Africa (Ryan 
2002). Ryan et al. (2002) suggested that the shy-type 
asses caught around South Africa were predominantly 
-capped Albatrosses, according to the distinguishing 
measurement suggested by Robertson and Nunn 
). The distinguishing wing measurement was, however, 
-efuted by Holdaway et al. (2001). In this paper we 
3t to redress this confusion by presenting morphological 
aken from a collection of shy-type albatrosses caught
1 the Australian Fishing Zone (cf. Gales et al. 1998; 
et al. 1998). The carcasses were identified as either Shy 
hite-capped Albatrosses using a recently developed 
based test (Double et al. 2001; Abbott and Double 
i). The principal aim of this study was to construct a 
le protocol to distinguish Shy from White-capped Alba- 
s using morphometries alone; the result also represents 
st detailed morphometric analysis of the two taxa.
ods
species and nomenclature
most recent taxonomic hypothesis available for albatrosses we 
dopted the taxonomy suggested by Robertson and Nunn (1998).
; the names ‘Shy Albatross’ for Thalassarche cauta and ‘White- 
1 Albatross’ for T. steadi and, although under scrutiny, for ease of 
sion refer to them here as separate species.
/ Albatrosses breed exclusively on three islands around 
nia, Australia. Approximately, 5000 pairs breed on Albatross 
7000 pairs on The Mewstone and 200 pairs on Pedra Branca
1998) . Prior to breeding for the first time Shy Albatrosses 
e far from Australian waters (Brothers et al. 1997) but adults 
lly remain close to the breeding islands (Brothers et al. 1998;
1999) . Most White-capped Albatrosses breed within the 
md Island group: Disappointment Island (70000-80000 pairs), 
md Island (3000 pairs) and Adams Island (100 pairs) (Croxall 
des 1998; Taylor 2000). White-capped Albatrosses also breed on 
I’s Island in the Antipodes Islands group (-100 pairs: Tennyson 
998) and in the Chatham Islands on Forty-Four Island (one pair:
2000) . Little is known about the dispersal and foraging 
our of White-capped Albatrosses, but molecular analyses have 
;d White-capped Albatrosses among birds killed by fisheries in 
lian, New Zealand and South African waters (C. Abbott and 
Double, unpublished data).
ular identification o f provenance
tudy is based on shy-type albatrosses present in a collection of 
Is collected between 1988 and 2000 by observers on board long- 
vessels operating within the Australian Fishing Zone (cf. Gales
et al. 1998; Hedd et al. 1998). At the time of this study the collection 
held 70 whole specimens, plus 19 where only the head and one lower 
limb had been retained, and 14 head-only specimens. All specimens had 
been frozen prior to measuring.
Samples of DNA extracted from each specimen were used to 
identify the bird as either a Shy or White-capped Albatross. The 
molecular identification technique is based on a consistent difference in 
the mitochondrial DNA of Shy and White-capped Albatrosses (Double 
et al. 2001) and is described in full by Abbott and Double (2003a). The 
general applicability of the molecular test was verified using blood 
samples taken from 10 albatrosses breeding on each of the three islands 
around Tasmania and 10 from each of the three islands in the Auckland 
Islands group. The test correctly identified the regional origin of all 60 
samples (Abbott and Double 2003a).
The sex of bycatch specimens was identified by dissection or by a 
DNA-based sex test (Griffiths and Tiwari 1995; Norris-Caneda and 
Elliot 1998).
The 10 body measurements presented here are largely from the same data 
set presented previously by Hedd et al. (1998). Differences are due to the 
addition of new data, remeasuring or the correction of errors introduced 
during data transcription. A detailed description of the measurement 
protocol and nomenclature is given by Hedd et al. (1998). Briefly, we 
took the following measurements using Vernier calipers (±0.1 mm): 
culmen length (CL), upper bill depth (UBD), minimum bill depth 
(MBD), basal bill depth (BBD), basal bill width (BW), maximum head 
width (MHW) and head length (HL). Tarsus length was measured with 
the foot bent over to the ‘notch’ in the intertarsal joint. The middle toe was 
measured on the upper side from the base of the claw to the joint between 
the toe and the tarsus. Wing chord (WC) was measured using a tape rule 
(±1 mm) from the carpal joint to the tip of the longest primary. We have 
changed ‘wing length’of Hedd et al. (1998) to ‘wing chord’ to avoid pos­
sible confusion with full wing measurements. We have not presented 
measurements that cannot be accurately taken from live specimens (e.g. 
wing span) or that are likely to have low discriminatory power between 
closely related species (e.g. body mass). Following Hedd et al. (1998), we 
have pooled measurements taken from adult and subadult birds.
The colouration of the bill of each specimen was recorded using two 
separate scores. Shy-type albatrosses lose the black or dark grey 
colouration of the maxillary and mandibular unguis with age 
(N. Brothers, unpublished data; Hedd et al. 1998) although a few 
breeding adults have been recorded with a dark tip to their mandibular 
unguis (Hamilton et al. 2000). Each carcass was given a score ranging 
from 0 to 5 to reflect this beak colouration: 0 -  no black/dark grey in 
bill; 1 -  some dark colouration in mandibular unguis; 2 -  strong dark 
colouration in mandibular unguis; 3 -  strong dark colouration in 
mandibular unguis and some in maxillary unguis; 4 -  strong dark 
colouration in both the mandibular and maxillary unguis; 5 -  both the 
mandibular and maxillary unguis are black or dark grey. Specimens 
with bill scores greater than zero were classified as subadults (Hedd 
etal. 1998).
We also scored the amount of yellow colouration at the proximal 
end of the culmen. This feature is thought to differ between the two 
species with adult White-capped Albatrosses showing less yellow at the
Table 1. Species, sex and age composition among the 
103 shy-type specimens
Age class Shy Albatross White-capped Albatross
Male Female Male Female
Adults 20 30 4 9
Subadults 4 11 8 17
Measurements and scores
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base of the culmen than Shy Albatrosses (Falla 1933; Marchant and 
Higgins 1990). The scoring regime was as follows: 0 -  no yellow at the 
base of the culmen; 1 -  some yellow; 2 -  strong yellow colouration. 
Scores were allocated without prior knowledge of each specimen’s 
identity. This scoring was done opportunistically (by MCD) on 69 of the 
103 specimens when the collection was transferred to a different 
storage facility in 2002.
The morphometric data from the shy-type bycatch specimens are 
available from RG.
Statistics
SPSS ver. 10 (SPSS Inc.) and JMP ver. 3.0.2 (SAS institute Inc.) statisti­
cal software were used to analyse the morphometric data. Probability 
values less then 0.05 were assumed to infer biological significance. We 
tested the normality of each measurement using the Shapiro-Wilk W test.
Discriminant function analysis (DFA) is a statistical classificatk 
method that uses data from known groups (e.g. sex or species) 
construct a mathematical model that maximises the probability i 
correctly identifying the group origin of any new data. We conduct« 
two separate DFAs: the first aimed to identify the species and s< 
simultaneously whereas the second aimed to identify species alone. F 
each analysis all measurements were initially entered into the mod 
and those that did not contribute to the discriminatory power of tl 
predictive model were sequentially removed.
The approximate discriminatory power of the species-and-sex DF 
was tested by reclassifying the bycatch specimens. This was done in tl 
same way that any new specimen would be classified. That is, I 
calculating a classification score for each of the four classificati« 
groups (e.g. male Shy Albatross, female Shy Albatross, etc.) using tl
Table 2. Morphometric analysis of Shy and White-capped Albatrosses
All data are in millimetres
Parameter Shy Albatross White-capped Albatross Between-species ANOVA
Male Female Male Female Males Females
Head length (HL)
n 23 41 12 26
Mean (s.d.) 83.9 (4.1) 80.8 (2.7) 87.0 (3.7) 84.4 (2.7)
OOTTII F =  28.2
Range
Maximum head width (MHW)
74.7-92.0 75.5-90.2 83.3-96.6 79.1-89.5 P <  0.05 P<  0.001
n 24 41 12 26
Mean (s.d.) 71.2(1.5) 67.1 (1.3) 72.4(1.0) 68.6(1.5) "7 1! —1 b F =  17.3
Range
Culmen length (CL)
68.5-74.8 64.1-69.8 70.4-74.0 65.0-71.9 P <  0.05 P<  0.001
n 24 41 12 26
Mean (s.d.) 136.1 (3.5) 132.3 (3.1) 137.5(1.3) 133.5(4.0) F=  1.0 F =  1.7
Range
Basal bill width (BW)
129.7-143.3 125.8-140.7 130.9-146.5 124.5-139.9 P = 0.3 P = 0.2
n 24 41 12 26
Mean (s.d.) 35.0 (0.9) 33.0 (0.9) 34.7(1.7) 33.0 (0.8) F=  0.4 F  = 0.08
Range
Basal bill depth (BBD)
33.3-36.9 31.3-35.2 31.7-36.6 32.0-34.4 P =  0.5 P =  0.8
n 24 41 12 26
Mean (s.d.) 54.8(1.7) 51.6(1.2) 54.9 (2.4) 52.6(1.4) F=  0.01 F =  9.4
Range
Minimum bill depth (MBD)
51.9-59.0 48.8-54.5 51.6-59.3 49.0-55.0 P  = 0.9 P <  0.01
n 24 41 12 26
Mean (s.d.) 31.1 (1.2) 29.2 (0.8) 30.3 (1.1) 28.9 (0.9) F=  3.4 F=  1.6
Range
Upper bill depth (UBD)
28.9-33.4 27.3-31.2 28.9-32.6 27.1-30.5 P =  0.07 P =  0.2
n 24 41 12 26
Mean (s.d.) 34.2(1.0) 32.2 (0.7) 33.3 (1.3) 31.8(1.1) F=  5.4 F =  4.0
Range
Tarsus length
32.5-36.1 30.4-34.4 31.2-35.3 29.0-32.9 P <  0.05 P <  0.05
n 19 33 9 23
Mean (s.d.) 89.9 (3.1) 87.4 (2.0) 92.5(1.7) 89.9 (2.7) Tl II O' b F =  15.8
Range
Mid-toe length
84.0-95.6 82.6-87.4 88.8-94.8 85.4-94.9 P <  0.05 P <  0.001
n 20 35 11 23
Mean (s.d.) 119.7 (3.0) 116.6(2.9) 124.4 (3.0) 119.0 (3.5) F -  17.4 F=  8.2
Range
Wing chord (WC)
112.8-126.6 111.0-121.0 120.0-130.0 113.2-127.4 P<  0.001 P<0.01
n 14 26 10 20
Mean (s.d.) 570.8(16.1) 562.9(11.5) 602.3 (12.6) 580.6(14.6) F =  26.5 F =  21.0
Range 540.0-595.0 540.0-583.0 586.0-625.0 550.0-610.0 P<  0.001 P<  0.001
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original morphometric data and classification coefficients derived from 
the DFA (cf. Tables 2 and 4):
Classification score = constant + cl(MHW) + c2(WC) + c3(BBD)
+ c4(UBD),
where c l, c2 ... are the classification coefficients for each body 
measurement retained in the DFA (cf. Table 4). Each specimen was 
assigned to the group that gave the highest classification score.
The classification coefficients derived from the species-only DFA 
(cf. Table 6) were tested using measurements taken from 17 shy-type 
albatrosses that were caught alive at sea off Wollongong, New South 
Wales, by the Southern Ocean Seabird Study Association (SOSSA). 
These birds were identified to species using the molecular test 
described above.
Results
The molecular test revealed that the bycatch collection con­
tained 65 Shy and 38 White-capped Albatrosses. Table 1 
shows the species, sex and age-class composition of the 103 
specimens.
Morphological characteristics o f bycatch specimens
Normality tests of the 10 morphological measurements 
grouped by sex and species indicated that three of 40 groups
did not conform to the expectations of a normal distribution. 
However, because each of the three significant results fell 
into different measurement categories (UBD, HW and HL) 
that displayed normality in the three other species/sex cate­
gories we decided not to transform the original data.
Within-sex comparisons of Shy and White-capped Alba­
trosses showed significant differences for both sexes in six of 
the 10 morphological measures (Table 2). In addition, 
measurements of the BBD were significantly larger among 
female White-capped than among female Shy Albatrosses. 
Generally, Shy Albatrosses were smaller than White-capped 
Albatrosses; only the UBD measurement was found to be 
significantly smaller among White-capped Albatrosses 
(Table 2, Fig. 1). Despite the significant statistical compari­
sons, all measurements showed considerable overlap (Fig. 1), 
including those subsequently employed by the DFA analyses 
described below.
No White-capped Albatrosses were recorded with any 
yellow colouration at the base of the culmen even though the 
sample contained nine adults that had little or no dark colour­
ation in the unguis (Fig. 2). In contrast, the scoring of the Shy 
Albatross specimens indicates that the yellow colouration in
Shy White-capped
$ 70
Shy White-capped
Shy White-capped Shy White-capped
Fig. 1. Distribution of data from the four measurements taken from Shy and White-capped 
Albatrosses and used to discriminate species and sex. F = female; M = male.
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Fig. 2. Scoring of colouration in the bills of bycatch specimens. A culmen score of zero indicates no 
yellow colouration. Bill scores reflect the amount of black or dark grey in the unguis. A score of zero indi­
cates an adult specimen. Sample sizes are given above each column. See Methods for full descriptions of 
the scoring protocols.
the culmen strengthens as the dark colouration of the unguis 
is lost. The highest annual proportion of Shy Albatross speci­
mens with culmen scores of two had been frozen for six 
(30%, n = 18) and eight years (20%, «=11). Thus there is no 
indication that the frozen specimens had lost colour with 
time.
Discriminant function analyses
Four measurements (MHW, UBD, BBD and wing chord; 
Fig. 1) remained in the discriminant function analysis to 
classify species and sex. The relative contributions of each
Table 3. Standardised canonical discriminant function 
coefficients for species and sex identification
Morphological
measure 1
Discriminant function
2 3
Maximum head width 0.772 0.227 -0.660
Wing chord 0.441 -0.636 0.541
Bill base depth 0.359 -0.367 -1.029
Upper bill depth -0.222 0.995 0.834
measurement to the three discriminant functions are pi 
sented in Table 3. MHW contributed most to the first fur 
tion whereas UBD and BBD contributed most to the seco 
and third functions respectively. The classification functi 
coefficients (Table 4) correctly identified both the sex a 
species of 84.3% (59 of 70) of all specimens (Table : 
Species identity was correctly assigned to 61 of the 70 spe 
mens (87.1% correct). Among the nine samples that w< 
assigned to the wrong species group, four were Shy All 
trosses (three females and one male) and five were Whi 
capped Albatrosses (all females). There was a tendency 
subadults to be incorrectly assigned more frequently: 4 of 
(9.8%) adults compared with 5 of 29 (17.2%) subadults. S 
was identified correctly for all but 3 of the 70 specimt 
(95.7% correct).
We conducted a second DFA to distinguish species or 
Three measurements (UBD, BBD and wing chord) remair 
in the single discriminant function. UBD had the high 
standardised canonical discriminant function coefifici 
(-1.198) followed by wing chord (0.865) and BBD (8.2 
The classification function coefficients (Table 6) correc
Table 4. Classification function coefficients for species and sex identification
Morphological Shy Albatross White-capped Albatross
measure Female Male Female Male
Maximum head width 23.775 25.465 24.454 26.086
Wing chord 2.616 2.628 2.718 2.808
Bill base depth 7.765 8.288 8.652 8.779
Upper bill depth 6.059 6.447 4.072 4.526
Constant -1830.318 -1994.596 -1917.335 -2107.199
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Table 5. Classification results for identification of sex (« = 70)
82.9% of cases were classified correctly
Actual group Predicted group membership
membership Shy Albatross White-capped Albatross
Female Male Female Male
Shy Albatross, female 23 0 3 0
Shy Albatross, male 1 12 1 0
White-capped Albatross, female 5 0 14 1
White-capped Albatross, male 0 0 0 10
identified 88.6% (62 of 70) of all specimens (Table 7). These 
classification function coefficients were subsequently applied 
to measurements taken from 17 live-caught shy-type alba­
trosses (SOSSA, unpublished data). The molecular test 
revealed this sample to contain 4 Shy Albatrosses and 13 
White-capped Albatrosses, of which 14 (82.4%) were cor­
rectly identified using morphometries alone. No MHW meas­
urements were available for these birds so we could not apply 
the classification function coefficients from the first DFA.
Discussion
Shy and White-capped Albatrosses are morphologically very 
similar. Although most measurements showed a significant 
difference between the two species, all measurements over­
lapped considerably and no single characteristic separated 
the two taxa. However, discriminant classification functions 
based on wing chord, maximum head width and two bill 
measurements were able to identify successfully the species 
and sex of approximately 84% of all bycatch specimens. A 
DFA to classify species alone correctly identified approxi­
mately 89% of all bycatch specimens. When the same classi­
fication method was applied to measurements taken from live 
specimens a similar level of accuracy (82%) was achieved. 
This suggests that the measurement data presented here are 
generally representative of Shy and White-capped Alba­
trosses and that the classification methodology is robust even 
if the measurements are taken from live or dead specimens 
and by different observers.
The discriminant classification functions identified sex 
more successfully than species (96% correct). This finding 
concurs with the analysis presented by Hedd et al. (1998) 
that identified MHW and UBD as the most useful measure­
ments to identify sex in shy-type albatrosses. The discrimi­
nant function coefficients described by Hedd et al. (1998)
were only slightly less accurate (93%) when applied to the 
data set presented here than the discriminant classification 
functions described above.
Our data suggest that even as adults White-capped Alba­
trosses do not develop any yellow colouration at the base of 
the culmen whereas the culmen of Shy Albatrosses develop 
a strong yellow colouration as the bird matures. However, 
because some adult Shy Albatrosses showed no yellow at the 
base of the culmen this character cannot be used to identify 
all adult birds. Also, the character is of little use for bycatch 
identification given the high proportion of immaiure shy- 
type birds reported among longline seabird bycatch in 
Australian and southern African waters (Gales et al. 1998; 
Ryan et al. 2002).
Waugh et al. (1999) used a DFA approach in a study of 
black-browed (Thalassarche spp.) and Grey-headed Alba­
trosses {Thalassarche chrysostoma) from four subantarctic 
islands. In these species they found overlapping but statisti­
cally significant morphological differences between islands 
for each of the three measures taken (culmen, tarsus and 
wing chord). Their sample of black-browed albatrosses 
included both the nominate Black-browed Albatross 
{ I  melanophrys) and the recently recognised Campbell 
Albatross ( I  impavida; previously known as Diomedea 
melanophrys impavida) so perhaps their result is not surpris­
ing. Interestingly, however, the Grey-headed Albatross also 
showed significant differences among islands even though 
recent genetic studies suggest no substructure within this 
species (Burg and Croxall 2001). For both Black-browed and 
Grey-headed Albatrosses the DFA largely failed to identify 
the island of origin of each sample. Only the provenance of 
Campbell Albatrosses was identified with any reliability 
(76% correctly identified, n = 86). The results of Waugh et al. 
(1999) and those presented here suggest that morphological
Table 6. Classification functions for species identification
Morphological Classification coefficients Discriminant function
measure Shy Albatross White-capped Albatross coefficients
Bill base depth 8.044 8.885 0.396
Upper bill depth 1.733 -0.239 -0.929
Wing chord 2.346 2.471 0.59
Constant -904.396 -956.681 -24.447
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Table 7. Classification results for species identification (n = 70)
88.6% of cases were classified correctly
Actual group Predicted group membership
membership Shy Albatross White-capped
Albatross
Shy Albatross 37 5
White-capped Albatross 3 25
measurements may be useful for bycatch identification only 
to the species (or subspecies) level and other methods are 
required to identify provenance.
Waugh et al. (1999) suggest that morphological dif­
ferences between populations reflect differences in chick­
provisioning rates and foraging distances. They found that 
populations with a generally smaller body size had larger 
foraging distances and hence longer chick-rearing periods. 
The morphometry of Shy and White-capped Albatrosses is 
not consistent with this trend. Shy Albatrosses are smaller 
than White-capped Albatrosses yet as adults they forage very 
close to their breeding islands (Hedd et al. 2001). Alter­
natively, the size differences could be influenced by the wind 
conditions in the preferred foraging zones. Recently, Shaffer 
et al. (2001) suggested that the sexual dimorphism of  
Wandering Albatrosses (Diomedea exulans) may reflect the 
direction chosen by each sex when leaving their breeding 
islands. The flight performance of the smaller and lighter 
female is greatest in the lighter winds of subtropical areas 
whereas the larger, heavier males are more suited to the 
windier conditions o f the antarctic and subantarctic. Hence, 
the size differences between Shy and White-capped Alba­
trosses may be driven by the latitudinal differences between 
the breeding islands, with adult Shy Albatrosses adopting a 
relatively sedentary, wind-independent foraging strategy 
(Brothers et al. 1998; Hedd et al. 2001).
Here we have shown that measurements taken from shy- 
type bycatch specimens can be used to identify both species 
and sex with a reasonable level of accuracy. Genetic analysis 
of bycatch specimens can potentially provide a greater level 
of accuracy (Edwards et al. 2001) but requires specialised 
skills and infrastructure which are not always available to 
those assessing bycatch rates. In combination, both morpho­
logical and genetic studies could provide reliable bycatch 
data for species and populations impacted by fishery opera­
tions, but only with reasonable observer coverage for all 
fishing fleets. Such information, coupled with long-term 
population monitoring, would allow us to direct efforts more 
effectively to mitigate fisheries-related mortality of alba­
trosses and other seabirds.
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